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 i 
Abstract 
 
Watershed restoration comes in a variety of forms depending on which set of 
problems are sought to be remedied. Severe soil erosion, in the form of gullying and/or 
headcutting, can be mitigated through constructing check dams in well-selected locations. 
This practice has been used throughout the upland subwatersheds within the Upper Laja 
River watershed in Guanajuato, México. The present study employed Wolman pebble counts 
to systematically assess the effectiveness of 21 check dams located near the city of San 
Miguel de Allende. Particle size distributions taken directly downstream and upstream of 
each check dam were differentiated, aggregated and compared—with the difference between 
median particle size of downstream and upstream distributions defined as DsD50-UsD50. 
Several subwatershed attributes were calculated in a GIS for comparison to DsD50-UsD50 
values. Results indicate that, on aggregate, the check dams studied were moderately 
successful at retaining sediment that becomes entrained in concentrated flow (DsD50-UsD50 
= 15.4 mm; p < 0.001). Individually, 18 of the 21 check dams surveyed had statistically 
significant differences between DsD50 and UsD50 (p < 0.05). The subwatershed variables of 
local channel slope (r = 0.55), mean subwatershed slope (r = 0.46), subwatershed area (r = 
0.59), distance from channel head (r = 0.54), percent canopy cover (r = 0.46), Qmed (r = 
0.46), total stream power (r = 0.58), and change in total stream power (r = -0.45) were found 
to be statistically significant when correlated with DsD50-UsD50 values (p < 0.05). Change in 
total stream power was used to classify stream reaches as either erosion or deposition-
dominated. When compared, the DsD50-UsD50 values from check dams located in erosion 
and deposition-dominated reaches are statistically different (p < 0.05); higher performing 
check dams were predominantly found in deposition-dominated reaches. The results of this 
 ii 
study suggest that spatially distributed stream power can be used as a variable for making 
decisions about future check dam locations. In particular, check dams are more likely to be 
effective if they are located within deposition-dominated areas (negative change in total 
stream power) and in areas of decreasing change in total stream power. In general, this 
study’s findings also support locating check dams in second order streams.  
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1. Introduction 
 
Soil erosion is well-acknowledged as a cause of land degradation throughout the 
world. In recent decades, as land use changes have become more prevalent, much focus has 
been directed to hillslope instability at the catchment scale. Gully erosion, in particular, has 
often been found to be a main source of sediments located downstream from headwaters 
(Wasson et al. 2002; Krause et al. 2003; de Vente and Poesen 2005). Increased rates of 
reservoir siltation, enhanced drainage, reduced soil fertility/vegetative cover, accelerated 
aridification, and changes to rates of groundwater recharge are all impacts associated with 
severe gully erosion (Eitel, Eberle, and Kuhn 2002; Daba 2002). Yet until recently, there has 
been relatively little research focused on gully erosion, mainly because it is difficult to study 
and predict (Valentin, Poesen, and Li 2005). This difficulty stems from heterogeneity among 
several factors that control gully forming processes—local topography, lithology, pedology, 
and land use. Precipitation regimes—as characterized by event duration, intensity, and total 
rainfall also play a role in contributing to gully erosion (DeLong, Johnson, and Whipple 
2014).  
Physically based distributed hydrological models provide a means for predicting the 
distribution of spatially heterogeneous variables such as stream flow. The modelled 
watershed parameters can then be correlated with the occurrence or quantities of 
geomorphic features/variables (e.g., gullies themselves or structures used to prevent gully 
formation and growth) to test for linear relationships. Spatial variation in stream power, 
which is primarily a function of channel gradient and stream discharge, drives erosion and 
deposition processes and has been found to correlate with gully prevalence and distribution 
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(Conoscenti, 2013; Lea and Legleiter, 2016). Of the factors that influence geomorphic 
change in fluvial systems across time and space, stream power emerges as a particularly 
important control (Lecce 1997). 
Increasing rates of gully erosion have prompted efforts directed toward control and 
prevention. Several techniques are used (e.g., riparian buffers, vegetation plantings, and 
check dams), depending upon local physiographic/climatic conditions, access to resources, 
and overall restoration goals. The present study focuses on check dams, which can take a 
variety of forms but are generally defined as manmade structures that are intended to 
“check”, or regulate, the speed of concentrated flow. Pervious check dams are composed of 
a variety of materials—including woody debris, dirt, stone, and wire—and allow for the 
transmission of water. While reducing channel flow velocities, check dams also serve to: 
retain sediments that become entrained in flow during runoff-producing events; decrease the 
erosive force of concentrated runoff; and increase the contact time of surface runoff with 
upland stream channels, thus potentially increasing groundwater recharge (Murty 1998). 
These effects can be especially important in ephemeral stream channels, where low 
frequency/high intensity rainfall from convective storms result in erosive and concentrated 
flow. 
Although check dams are well-accepted and often result in visual validation of their 
effectiveness (e.g., sediment deposition upstream of structure and higher prevalence of 
surrounding riparian vegetation), the literature is short on empirical, field-based validation. 
Furthermore, few studies have inquired into which subwatershed attributes can be linked to 
check dam effectiveness. The purpose of this study is two-fold: i) to systematically quantify 
the effectiveness of a sample of check dams located in the upland reaches of the Upper Laja 
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River watershed in Guanajuato, México; and ii) to explore the relationship between check 
dam effectiveness and several subwatershed variables that are estimated or calculated using 
GIS. Of particular interest is the spatial distribution of stream power along the stream 
channel of each upland study site.  
The research questions and associated null and alternative hypotheses are as follows: 
1. How effective are the check dams in the Upper Laja River at retaining 
sediment that becomes entrained in concentrated flow? 
H0: Check dams are ineffective at retaining sediment that becomes 
entrained in concentrated flow (i.e. DsD50 and UsD50 are not 
statistically different—p > 0.05). 
H1: Check dams are effective at retaining sediment that becomes 
entrained in concentrated flow (i.e. DsD50 > UsD50 and the two 
distributions are statistically different—p < 0.05). 
2. How does change in total stream power influence the effectiveness of check 
dams in retaining sediment? 
H0: Change in total stream power (∆TSP) and DsD50-UsD50 values 
are not significantly correlated (p > 0.05). 
H1: Change in total stream power and DsD50-UsD50 values are 
significantly correlated (p < 0.05). 
 
1.1 Land degradation stemming from soil erosion 
 
The process of soil erosion is a natural geologic phenomenon, resulting in the 
deposition of fertile soils in the form of alluvial plains and loess plateaus that have supported 
a majority of the world’s agricultural output for millennia (Lal 2003). However, it is now 
recognized that human involvement has altered the rates of soil erosion compared to those 
of the geological past (He et al. 2006). UNEP (1986) has estimated that nearly two billion ha 
of land that were once biologically productive have been irreversibly degraded since 1000 
AD. The area of land affected by soil erosion through water is approximately 1094 million 
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ha globally, of which 751 million ha are severely eroded (Lal 2003). Within these estimated 
totals, the amount of land affected by soil erosion suffers from depleted soil fertility, 
degraded soil structure, and reduced effective rooting depth—while severely eroded land is 
often rendered biologically unproductive all together.  
Land use and land cover (LULC) change is a key factor that has been linked to 
accelerated rates of erosion in different parts of the world (Yang et al. 2003). Human-
induced modifications to natural vegetation regimes, such as conversion from forest to 
agriculture, are principle among changes that cause accelerated rates of erosion. Moreover, 
once land is put into production, management practices play a vital role in soil erosion 
responses. Lal and Stewart (1990) estimated that approximately 12 million ha of arable land 
globally are destroyed and abandoned on an annual basis due to unsustainable farming 
practices. This trend is not unique to recent times, as history provides many examples of 
land abandonment resulting from soil erosion (Dotterweich 2013). Historical studies show 
that, during the first half of the 14th century, many villages in Germany were abandoned due, 
in part, to crop failure and soil degradation caused by soil erosion (Dottertweich 2008). 
Similarly, gully and badland development in many areas throughout Africa resulted in land 
abandonment after the introduction of European-style agriculture and land management 
practices (Showers 2006). 
 
1.1.1 Control factors of soil erosion 
 
The process of soil erosion is a primary input into landscape evolution and is largely 
driven by four geophysical factors: topography, soil type, parent material, and climate. 
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Anthropogenic factors, especially in the form of LULC change, have also recently been 
associated with soil erosion. Other important factors in soil erosion, such as biogeography 
and hydrologic regime, are treated here as controlled by climatological inputs. Importantly, 
each of these control factors are influenced to varying degrees by human inputs because 
each are subject to a unique set of governing processes that proceed according to their own 
temporal scales. For example, while changes to topography, pedology and lithology are 
nearly static from an anthropic temporal perspective, climate is proving to be more dynamic 
and responsive to human activities.  
As the present study uses stream power and its relationship to check dam 
effectiveness, the control factors of topography and climate (runoff discharge) are of 
particular interest. The relationship between the occurrence and rate of erosion and these 
two factors are well established. At the global scale, basin erosion rates have been linked to 
many environmental parameters through bivariate correlation (Portanga and Bierman 2011). 
Of the parameters used by Portanga and Bierman (2011), higher basin slope gradients, mean 
elevations, and seismicity were found to have significant positive correlations with higher 
basin erosion rates; basin slope being most strongly correlated (R2 = 0.33). The dominant 
role of topography in controlling erosion in mountainous regions is further supported by 
Aalto et al. (2006) in the Andes range, Montgomery and Brandon (2002) in the Cascade 
range of Washington (USA), Schaller et al. (2001) in Europe, and Vance et al. (2003) in the 
Himalaya range. 
A parameter of second order in controlling sediment fluxes in mountainous 
watersheds is that of discharge (a proxy for precipitation), which is a function of climate. 
Although, broadly speaking, the research suggests weak correlations between runoff regime 
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and rates of erosion, some studies have found a significant relationship between the two 
(Milliman and Syvitski 1992; Gabet et al. 2008). More specifically, rainfall intensity rates seem 
to have a complex, yet critical influence on sediment flux rates (Assouline and Ben-Hur 
2006). High rainfall intensities, particularly when combined with aridity can result in 
degraded landscapes. Of the nearly 30% of global land area that is considered semi-arid or 
arid (FAO), 12% is either highly or very highly vulnerable to desertification processes 
(Eswaran, Reich, and Beinroth 1999).  
1.1.2 Soil erosion by water  
 
There are four primary types of surface erosion caused by water (Wischmeier and 
Smith 1978). Splash erosion occurs when soil particles become detached due to the impact 
of raindrops on a soil surface. Sheet erosion refers to the subsequent down-slope movement 
of detached soil particles by way of sheet flow. The third type of water erosion is linear 
erosion, in which detached soil particles are transported by concentrated flow. Lastly, mass 
movement occurs when a collection of soil particles detach from a subsurface soil horizon 
due to soil saturation and the effects of gravity (FAO 2014).  In addition to the four types of 
surface erosion, subsurface groundwater movement can play a role in hillslope and channel 
stability. For example, collapsed headcut walls and landslides can occur when preferential 
flow paths through soil pipes weaken subsurface soil horizons (Fox and Wilson 2010). 
1.1.3 Gully erosion 
 
Gully erosion most often results from either linear or mass movement erosion; 
channel incision is a case of the former, while headcut wall and channel bank failures are an 
example of the latter. Poeson et al. (2003) defines gully erosion as the process whereby 
 7 
runoff water accumulates and often recurs in narrow channels and, over short periods, 
removes the soil from the area to considerable depths. Gully formation is initiated when 
flow velocity accedes the threshold resistance of a soil material, inducing scouring and 
causing channel growth. The first stage of channel growth is referred to as a rill, which 
contains a maximum width of 0.3 m and a maximum depth of about 0.6 m (Brice 1966). If 
channel growth continues, a rill becomes an ephemeral gully, a classic gully, and finally a 
stream/river channel. It should be noted that this channel erosion evolution represents a 
continuum, whose classification into separate forms is, to some extent, subjective (Poesen et 
al. 2003). Classification aside, the general spatial pattern of gully erosion is well 
understood—headcuts migrate upslope, channels increase in width and depth, and eroded 
sediments are transported downslope to depositional zones. 
The rate at which channel/gully erosion progresses depends on the combination of 
local control factors and can be empirically measured using both ground-based and airborne 
techniques. Over the short term (1-10 years), gully head/wall retreat has been estimated by 
regularly measuring the distance between the edge of the gully head/wall and benchmark 
pins installed near the gully head/wall (e.g. Vandekerckhove et al. 2001; Oostwoud Wijdenes 
and Bryan 2001). At smaller spatial scales, several studies have applied photogrammetric 
techniques to temporally sequential aerial images in order to determine the volume of soil 
lost to concentrated flow (e.g. Ries and Marzolff 2003). Gesch et al. (2015) used close-range 
digital photogrammetry to measure geomorphological changes in simulated ephemeral gully 
surfaces and found the method to provide a highly accurate reconstruction of the 
experimental surface.  
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Whether a result of natural phenomena, human-related changes to land or climate, or 
a combination of both, high rates of gully erosion can impose unwanted environmental, 
social and economic consequences on local communities (Stahl 1993; Martínez-Casasnovas 
and Ramos 2006). For example, farm and rangeland may become fragmented and less 
productive due to gully channel incision and topsoil erosion. Moreover, the land itself can be 
lost to headcut migration—a process that results in sediment being transported from upland 
source to valley bottom. Sediments eroded from gullies are often impounded in reservoirs 
and dams that are used for flood control, irrigation, or energy generation. Accelerated 
siltation of these man-made water impoundments is another cost associated with gully 
erosion (Tamene et al. 2006).  Poesen et al. (2003) estimate that gully erosion can represent 
up to 94% of total sediment mass transported at the catchment scale, whereas gully channels 
often occupy less than 5% of total catchment land area. This disproportionate volume of 
sediment yield to land area demonstrates the importance of further studying not only gully 
erosion processes, but the measures that have been taken to mitigate gully erosion formation 
and progression. 
1.1.4 Check dams in theory and practice 
 
In both the theoretical and practical realms, check dams have proven to be useful as 
a method of gully prevention. In essence, a check dam is simply a replica of what is 
produced naturally through the highly complex interactions of hydrologic and geomorphic 
processes. Self-organizing step-pool sequences occur in a variety of fluvial settings, ranging 
from perennial streams in temperate climates to ephemeral streams in semi-arid and hyper-
arid regions (Wohl and Grodek, 1994; Chin, 1999; Chin and Phillips, 2007). Check dams, like 
naturally-occurring log steps in forested alpine streams, serve to dissipate the potential 
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energy within concentrated flow that would otherwise be used to transport sediment 
downstream (Marston, 1982; Wilcox et al., 2011). As a consequence, local streamflow 
velocities are reduced and water surface slopes are decreased on the upstream side of a check 
dam (Shieh et al., 2007). Among other outcomes, this disruption in streamflow causes the 
deposition of coarse particulate matter and sediments, provides habitat for aquatic insects, 
and creates cover in pools and slow water areas (Marcus et al., 2002). Moreover, in stream 
channels that have undergone human modifications in the form of agriculture, animal 
grazing or loss of woody riparian vegetation (i.e., natural step-pool formation processes have 
been compromised), check dams can encourage a return to fluvial equilibrium.   
So, if check dams have already been proven to be beneficial, why study them? An 
important parallel line of inquiry has to do with the geography of a check dam’s natural 
counterpart. In other words, if we can better understand where step-pools naturally occur, 
we can draw conclusions about where to locate their manmade counterparts. Unfortunately, 
although some studies have linked the spatial patterns of self-organizing step-pools to 
variability in channel slope (e.g., Wertz, 1966; Chin, 1999) and channel width (e.g., Chartrand 
and Whiting, 2000), these observations are scale dependent and cannot be generally applied. 
As is the case with many phenomena that are driven by stochasticity, the spatial organization 
of step-pools may necessarily be limited to local characterization.     
The longitudinal connectivity of rivers and streams, whether in reference to 
geomorphic or ecologic processes, is disrupted by natural and anthropogenic inputs. 
Sediment size distributions can be sampled in undisrupted and disrupted reaches to better 
understand how natural and human built obstructions to streamflow affect fluvial 
geomorphic equilibria. Beaver dams are an example of natural obstructions to streamflow 
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and have been shown to disrupt sediment size distributions, with free flowing reaches having 
larger clast sizes than reaches where beaver dams occur (Burchsted and Daniels, 2014). 
Similarly, man-made dams of all types and sizes cause discontinuity in grain size distributions 
along stream corridors. Although sampling schemes vary, many authors have quantified this 
cause and effect relationship through the use of pebble counts taken on dammed and 
undammed reaches (Baker et. al. 2011; Fencl et. al. 2015). These past studies provide support 
for the usage of pebble counts (deriving D50 sediment size distributions) in evaluating check 
dam effectiveness.   
1.2 Restoration through the use of check dams 
 
The various social, environmental, and economic costs of soil erosion discussed 
above have resulted in the proliferation of erosion control programs worldwide, especially in 
countries where steep basin slope and/or monsoonal weather patterns are found. The 
following sections provide a review of several such programs in various parts of the world 
(Figure 1 and Table 1), including: the Loess Plateau in China; the highlands of Northern 
Ethiopia; the Mediterranean environments of Spain and Italy; the Great Basin in the United 
States; and finally, the focus of this study—the Upper Laja River watershed in the Central 
Mexican Plateau. As a response to severe water erosion, each of these efforts has, to varying 
degrees, used the time-honored erosion control method of constructing check dams. Indeed, 
the Nabataean people of Negev, the Zuni people of North America, and people of the Ming 
Dynasty in China constructed check dams to divert surface runoff to desired locations and 
retain soil and water for agricultural purposes (Kedar 1957; Norton et al. 2002; Xiang-Zhou 
et al. 2004). Although more recently, research has offered new insights into the ecological 
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and social benefits of check dams, these often primitive structures continue to provide 
similar solutions to many people around the world.  
1.2.1 Asia 
 
Erosion control efforts throughout Asia have included the use of check dams. In the 
Hathmati watershed of Western India, the government’s Soil and Water Conservation 
Division has constructed a number of check dams for the purposes of erosion reduction and 
water harvesting. Patel et al. (2015) performed an analysis to identify suitable locations for 
future check dams using soil type, drainage density, slope, and compound factor as 
geomorphic parameters. Compound factor, which is a function of several stream network 
and watershed shape descriptors, was given the highest normalized weight in prioritizing 
check dam location. Soil type, drainage density, and slope were given lower weightings in the 
analysis. Their findings indicate that check dams placed at moderate elevations and in 
densely vegetated areas maximize water and sediment retention potential. In the Shiwaliks 
region of India, four micro-catchments containing loose rock check dams were surveyed to 
explore whether lower order, rather than higher order streams are more effective locations 
for check dam placement. The study concluded that check dams placed in first and second 
order gullies decreased the catchment’s runoff coefficient from 15.5% to 12.8%, while the 
overall sediment yield of the catchment was reduced by 20% during an eight-year period 
from 2000-2007. 
Another notable conclusion was that construction of gully plugs in lower order 
streams “…did not require any skilled labor or involve huge construction costs” (Sran, 
Kukal, and Singh 2011, 1326). Mishra, Froebrich, and Gassman (2007) used the Soil and  
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Water Assessment Tool (SWAT) to evaluate sediment transport in the Banha watershed in 
northeast India. Their results indicated that the three installed check dams reduced sediment 
concentrations by nearly 50% at the watershed outlet. 
Since the 1950s, an ambitious soil and water conservation program has focused on 
reducing rates of soil erosion in the Loess Plateau of China. As part of this effort, the 
construction of as many as 163,000 check dams are planned within the region by 2020 (Jin et 
al. 2012). Zhou et al. (2015a) evaluated surface runoff discharge from two major tributaries 
of the Middle Yellow River. Mean annual discharge and cumulative check dam storage were 
found to have a significant negative correlation. Studying the same river system, Zhou et al. 
(2015b) endeavored to quantitatively attribute the reduction in annual runoff from 1956-
2009 to three causative factors—climate change, check dam construction, and irrigation. It 
was concluded that on the Huangfuchuan River check dams were responsible for nearly 30% 
of total runoff deviation over the study period. Another study that focused on check dams 
built in China’s Loess Plateau contends that the check-dam system is “the most effective 
measure to control sediment pouring into the Yellow River” (Xiang-zhou et al. 2004, 82). 
Furthermore, the size of check dams constructed in gullies within the Loess Plateau are 
often sufficiently large to form fertile farmland from the nutrient rich sediments that are 
deposited behind each dam over time. This newly created farmland is often used to grow 
apples and other trees crops. 
People in arid parts of Western Asia have also used check dams to combat high rates 
of erosion. One study, conducted in the Droodzan watershed in Southwest Iran, used grain 
size distributions taken from above and adjacent to each check dam as a measure of check 
dam effectiveness. By comparing the distributions associated with dams placed in different 
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locations within the watershed, Hasannli et al. (2009) found that the porous check dams 
constructed in downstream reaches were more effective at retaining fine sediments than 
those positioned further upstream. Although the differences in distributions are not 
statistically analyzed, the authors attribute the observed differences to variability in 
vegetation coverage and check dam construction material (angular vs. rounded rock). 
1.2.2 Africa 
 
The occurrence of gullies is widespread throughout Africa. In comparing headcut 
retreat rates in semi-arid landscapes within Spain and Africa, Marzoloff et al. (2007) 
observed the highest maximum retreat in the West-African Sahel (3.16- 9.85 m a-1).  
Ethiopia, in particular, suffers from severe land degradation as a result of high rates of water 
erosion. Nearly half of the country’s estimated 60 million ha of agriculturally productive area 
is highly eroded, while another 14 million ha require rehabilitation, and 2 million ha are 
considered lost (Mekonen and Tesfahunegn 2011). Both the Tigray and Amhara regions in 
the northern part of the country have seen the construction of check dams. Nyssen et al. 
(2004) surveyed 400 loose rock dams within the Northern Ethiopian Highlands and found 
that 39% of the check dams inventoried had collapsed after a period of two years. Larger 
drainage areas and higher slope gradients of the soil surface parallel to the gullies were 
among the most influential and significant control factors that explained dam failure. Liu et 
al. (2008) illustrated the effectiveness of check dams constructed with sand bags by 
comparing hydrographs from two sub-catchments—one with conservation structures and 
the other without. Although the “control” and “conserved” study plots were not identical, 
the authors concluded that the results still show the benefits of intervention since the 
hydrographs associated with two rainfall events (one of identical storm duration, but slightly 
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different intensities; the other of slightly different duration, but identical intensities) indicated 
lower peak flow rates and higher retention times for the conserved micro-catchment. 
1.2.3 Europe  
 
Several studies in Spain have investigated the functionality of check dams in high-
yielding sedimentation zones. Martín-Moreno et al. (2014) studied the origin and present 
geomorphic activity of the Ribagorda sand gully located in the headwaters of the Tagus 
River in Central Spain. The storage capacity of three check dams, constructed in the 1990s, 
were filled with sediment by 2008. The heights of these dams were then increased, giving the 
investigators an opportunity to monitor the gully’s sediment yield over a period of six years. 
The authors calculated the total volume of trapped sediment at 3400 m3, while the mean 
annual sediment yield and mean annual precipitation over the study period were 114 Mg ha-1 
yr-1 and 639 mm, respectively. Annual sediment yield and annual precipitation were 
statistically significant (R2 = 0.74). The origin of the Ribagorda gully was found to coincide 
with intensive logging from the 13th-18th centuries. Conesa-García and García-Lorenzo 
(2009) studied how transitory scour dynamics (i.e. channel deepening during bankfull flows) 
are affected by check dams in semi-arid Mediterranean watersheds. The authors concluded 
that: i) during the 35 years from initial dam construction the difference in bed particle size 
between upstream and downstream reaches increased nearly fourfold; and ii) there was a 
generalized reduction in transitory scour values in all cases. Studies conducted on watersheds 
in eastern Spain have further explored the relationship between rates of erosion and 
geomorphic variables. Of the parameters linked to higher rates of erosion in ephemeral 
channels—lithology, basin size, and channel slope show strong relationships. Marl, in 
particular, has been found to correlate with high rates of erosion, while smaller basin sizes 
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and channels with lower gradients are also linked with higher rate of sedimentation behind 
check dams (Cerdá 2002; Romero-Díaz, Alonso-Sarriá, and Martínez-Lloris 2007). In 
studying how check dam installation affects erosion-deposition dynamics in the Cárcavo 
catchment, Castillo et al. (2007) observed increased erosion downstream of check dams and 
channel stabilization in upstream areas through decreases in longitudinal gradient and water 
velocities. 
Two studies from Italy used bed grain size distributions as a method of quantifying 
the effects of check dams on stream morphology and vegetation development. Bambino et 
al. (2008) conducted a geomorphic inventory of four headwater reaches in steep, short, 
seasonal-flowing mountain streams in Southern Italy. Of the observed data taken from 
transects located directly upstream and downstream of check dams D50, width/depth ratio, 
slope, and number of species recorded all showed significant differences. The authors 
concluded that check dams provide favorable edaphic conditions to support greater riparian 
species richness. A second study conducted within selected reaches of the 45-km2 Maso di 
Spinelle watershed in Northeastern Italy described the grain size distribution adjustments 
resulting from a series of boulder check dams. Within a five-year period (1996-2001), there 
was a fining of grain size distributions within the study reaches. However, since boulders 
from within the channel were used to construct check dams, “the shift of grain size 
distribution cannot be seen as a natural evolution pattern” (Lenzi and Comiti 2003, 103). 
This demonstrates that the origin of construction materials is an important consideration 
when using differential grain size distributions as an indicator of geomorphic or ecologic 
change.  
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1.2.4 North America 
 
Check dams are common archeological features within the semiarid and 
mountainous landscape of the American Southwest (Doolittle 1985). In more recent times, 
check dams have been used as sediment/runoff control structures, and a handful of studies 
have endeavored to analyze their functionality. Polyakov et al. (2014) collected data on 
runoff and sediment volumes for two ephemeral watersheds (4 and 3.1 ha) in Arizona 
containing a total of 37 check dams. The authors observed that: i) although runoff from 
events associated with recurrence intervals of two years or more was unaffected by the 
presence of check dams, a smaller percentage of low magnitude rainfall events (< one-year 
recurrence interval) produced runoff; and ii) the post-construction rate of sediment retention 
was over 50% of total sediment yield. They concluded that the depositional areas upstream 
of check dams can serve as starting points for watershed restoration due to increased 
infiltration and accumulation of organic material. 
In response to increased arroyo cutting and gullying in the American Southwest 
during the late 19th and early 20th centuries, the United States government sponsored 
numerous erosion control projects, such as those carried out by the Civilian Conservation 
Corps. (CCC). Gellis et al. (1995) conducted a sample survey of one such project—70 earth, 
rock or brush structures constructed within the Zuni Reservation in New Mexico. Of the 23 
rock and brush structures built in 1976, 22% were either breached or flanked, while 65% 
were observed to be in good condition. A primary factor attributed to check dam success 
was appropriate spacing “…where each structure is located at the upstream toe of the 
sediment deposited behind the next downstream structure (Heede 1976). Several factors are 
listed as reasons for failure including: large runoff events; headcuts; and bank erosion or 
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channel widening around the rock and brush structures. The latter can result from increased 
sinuosity that is caused by a decrease in channel gradient (Gellis et al. 1995). 
Relatively high sediment yields in the Fifteenmile Creek watershed of Wyoming’s 
Bighorn River resulted in the creation of an erosion control program during the 1960s. 
Marston and Dolan (1999) evaluated the effectiveness of various sediment control structures 
in relation to spatial patterns of soil erosion within the study catchment. The authors’ 
findings indicate that rates of soil loss varied significantly with slope, vegetation cover, and 
soil texture—62% of total soil loss originated from 8.5% of the drainage area (predominantly 
badland topography), and 30% of the drainage area (low relief and higher density of 
vegetation cover) contributed 5.5% of the total soil loss. Because many of the control 
structures were located in areas of low sedimentation, they were found to be nearly obsolete.   
Heede (1979) compared a restored watershed (Alkali Creek in western Colorado) to 
surrounding watersheds and reached several notable conclusions. Check dam systems aided 
by grazing exclosures and vegetation plantings were found to have stabilized treated gullies 
(relative to non-treated gullies) as evidenced by: i) decreases in gully depth and stabilization 
of gully banks; ii) renewed perennial stream flow and increased infiltration; and iii) a more 
than 90% reduction in downstream sediment loads. During the treatment and evaluation 
period, precipitation rates were found to be statistically normal.   
1.2.5 Summary of Check Dam Studies 
 
All of the studies reviewed in section 1.2 inquired about: check dam effectiveness; 
the effects that check dams have on hydrologic, geomorphic, or ecologic function within the 
stream channel; or optimal check dam location. For the studies reviewed, Figure 2 provides 
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an overall summary of how geographic positioning (represented by continentality) and 
climatic setting (represented by average rainfall intensity) is related to the general 
effectiveness of check dams within the study area. Basin size is also shown in Figure 2. Due 
to the diversity of approaches used to quantify/qualify the effectiveness of check dams, 
specific trends are difficult to identify. However, it does appear that there is a slight 
correlation between smaller watershed sizes and more effective check dams. Similarly, higher 
rainfall intensities may have a stronger link to more effective check dams than lower rainfall 
intensities. Continentality, on the other hand, does not seem to have an effect on check dam 
effectiveness.  
Within the studies found in this analysis, there is much diversity among the 
watershed variables or basin characteristics that are used in relation to check dam function. 
Importantly, although many of the studies link different watershed variables to check dam 
effectiveness or location, none employed stream power as a possible explanation for check 
dam effectiveness.  
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Figure 2.    Graphic showing the relationships between basin characteristics and check dam effectiveness 
for studies included in the literature review.  See Figure 1 for study numbers. Continentality is measured 
by taking the Euclidinan distance from the ocean; Average rainfall intensity is measured by averaging 18 
years (1998-2015) of monthly mean rainfall intensity values from NASA’s TRMM satellite (TRMM, 2016).  
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2. Description of Study Area 
 
Three principal spatial units are referenced in the physical and human geographical 
descriptions that follow. The first, and smallest in scale, is “el Bajío” (the lowlands), hereafter 
referred to as the Bajío. The Bajío represents an area of approximately 26,000 km2, and 
encompasses parts of four states in Central México—Guanajuato, Jalisco, Michoacán, and 
Querétaro (Figure 3) (Chambers and Momsen 2007). Known as the breadbasket of México, 
this area is characterized by open, flat valleys interrupted by mountains with more than 
400,000 ha of high-quality irrigated land (Marañón 2006). The nearly 300-meter deep alluvial 
and lacustrine valley fill in the region is a result of ancient lakebeds formed by the disruption 
of drainage patterns by volcanic activity beginning in the Cretaceous period (Murphy 1986). 
While the Bajío has no clear physical boundaries, Southern and Central Guanajuato make up 
the core of the region.  
The second spatial unit of interest, the Upper Laja River watershed (alternatively 
known as the Cuenca de la Independencia or CI), is a watershed located just north of the 
Bajío. The CI has a surface area of 6,840 km2 and is found between the parallels of 20° 50’ 
15” and 21° 32’ 42” N and the meridians of 100° 11’ 23” and 101° 31’ 33” W (Figure 4).  
The third spatial unit of study is comprised of nine distinct subwatersheds located at 
the southern boundary of the CI near the city of San Miguel de Allende in the state of 
Guanajuato, México (Figure 5). The average size of nine subwatersheds is .5 km2.  
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Figure 3.    Map of the Bajío and its surrounding mountains. 
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2.1 History of watershed restoration in the Cuenca de la 
Independencia 
 
The watershed restoration program in the CI is a response to the degraded condition 
of many areas within the Laja watershed; gullying and badland development can be observed 
in several ejidos. The program itself is the result of a partnership between non-profits, 
governmental entities, private foundations, and many different landowners (much of the 
land in need of rehabilitation is under a patchwork of ejidal ownership). The ejidal system is 
a legacy of agrarian popular uprising within México and provides land for communal 
farming.  
Of particular importance to this organizational network is Salvemos al Río Laja 
(SRL), a non-profit organization based in San Miguel de Allende, México. Founded in 1998, 
the mission of SRL is to organize and facilitate watershed restoration projects within the CI. 
Salvemos al Río Laja has served as a liaison between the different funding sources—Mexican 
government agencies (e.g., Comisión Nacional del Agua [CONAGUA], Comisión Nacional 
Forestal [CONAFOR], and Secretaria de Medio Ambiante y Recursos Naturales 
[SEMARNAT]), U.S. government agencies (e.g., U.S. Agency of International Development 
[USAID]), and private foundations (e.g., Fondo Mexicano para la Conservación de la 
Naturaleza [FMCN], and Ecosystem Sciences Foundation [ESF])—and ejido leadership, 
who then distributes the funding to program participants in exchange for the completion of 
watershed restoration projects.  
Program goals include economic, social, and environmental components. Due to 
impoverishment and lack of job opportunities, ejidal inhabitants often require cash payments 
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in order to complete watershed restoration projects. These cash payments are reinvested in 
the local economy through the purchase of food, medicine, and school supplies. Job 
opportunities through watershed restoration programs also serve to bolster social capital in a 
variety of ways. One such way is that they offer viable alternatives to ejido members who are 
otherwise forced to migrate in order to support their families. More generally, and as stated 
by one ejido leader, “the maintenance of land means the maintenance of people” (Schreiber 
2014, 4). A recent survey of ejido members indicates that 92% of respondents noted 
ecological benefits to their land as a result of watershed restoration projects (Schreiber 2014). 
Restored ecological functionality to land, whether real or perceived, provides real benefits to 
those who live off of the land.   
Of the many types of restoration treatments that have been used within the CI, 
check dams—largely in the form of loose rock—are most prevalent. Since 2001, SRL has 
helped facilitate the construction of over 12,300 rock check dams (ESF 2013). To a lesser 
extent, gabiones (rock check dams enclosed with wire), and check dams constructed with 
woody debris can be found within the CI. As part of the wider watershed rehabilitation 
effort, these various check dams are intended to control high rates of soil erosion often in 
the form of gully erosion. The severity of gully erosion varies from subwatershed to 
subwatershed, but was evident in the majority of sites visited in the field.  
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2.2 Physical Geography 
 
2.2.1 Climate 
 
According to the Köppen-Geiger Climate Classification System, the majority of the 
state of Guanajuato is considered BSh, or semi-arid to arid steppe with hot arid temperatures 
(Garcia, 1964). Guanajuato lies between two distinct climate zones: to the west along the 
Sierra Madre Occidental is an area dominated by summer monsoons and winter drought; to 
the east along the Sierra Madre Oriental, the Gulf of México provides winter frontal systems 
in addition to summer precipitation (Barrett and Esquivel Longoria 2013). Guanajuato is 
also situated between two zones that are affected differently by El Niño-Southern 
Oscillation (ENSO). Summer precipitation in southern and eastern México and the Pacific 
Coast of Central America is affected by phase changes in ENSO (Peralta-Hernández, Balling 
Jr., and Barba-Martínez 2009), while areas around and to the north of Guanajuato have 
experienced little co-variability with alternative El Niño and La Niña years (Magaña et al. 
2003). 
Central Guanajuato is characterized by a semi-arid monsoonal climate, with 90% of 
the annual 600 mm of precipitation falling between the months of May and October (Figure 
6). These summertime rains are largely a function of the interaction between local variation 
in topography and the atmospheric circulation cells associated with the North American 
Monsoon (Douglas, Maddox, and Howard 1993). The Sierra Madre Oriental to the east, Baja 
California to the west, and the Sierra Nevada and Rocky Mountains to the north provide the 
general boundaries for the development and occurrence of the NAM (Ropelewski et al. 
2005). These landforms not only channel and block the low-level atmospheric moisture 
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supplied by the Pacific Ocean, but also promote atmospheric instability through adiabatic 
heating and cooling. Deep convection causes thunder storms to form and release their 
energy in a distinct diurnal pattern—lightning and precipitation often occur in the late 
afternoon, while early morning to midday are usually cloudless. 
 
Figure 6.    Mean monthly temperature and rainfall for San Miguel de Allende, Guanajuato. Source: World 
Bank Climate Change Knowledge Portal.   
Other influences on the rainfall patterns associated with the NAM include tropical 
easterly waves originating from north Africa, the North Atlantic subtropical high, and 
occasional tropical storms originating in the Gulf of México (Ropelewski et al. 2005; Novo 
and Raga 2013). In general, however, there is agreement that the majority of NAM moisture 
is derived from the eastern tropical Pacific Ocean and the Gulf of California. The sea surface 
temperatures (SST) particularly in the Gulf of California have been to found to correlate to 
NAM rainfall (Mitchell et al. 2002).   
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Although rainfall intensity data at high temporal resolutions (i.e., mm h-1) are 
unavailable for many parts of the world, estimates can be made using the K parameter, which 
is used to determine the amount of hourly rainfall for a location given that location’s 
maximum daily rainfall data. Short duration rainfall of high intensity (K>12) implies high 
runoff and is characteristic of arid to semi-arid regions, whereas longer duration rainfall 
(K~8) is associated with humid regions (Ferrer-Polo 1993; Témez 1987). The K parameter 
for Presa Ignacio Allende has been estimated at 13.07 (Manzano-Agugliaro et al. 2015). This 
higher K parameter is validated by the extreme precipitation readings from local 
meteorological stations. Maximum daily rainfall values from 1963-2012 for Cinco Senores, 
La Begona, and San Miguel de Allende stations are 83 mm, 98.5 mm, and 123 mm, 
respectively (SMN 2015).  
Mean annual temperatures in central Guanajuato range from 14°C in the highlands 
(near 2,900 meters above sea level [m.a.s.l.]) to nearly 20°C in the valleys (near 1,700 m.a.s.l.). 
The average annual maximum temperature from the three closest gauging stations to the 
subwatersheds of interest is 26.3°C, while the average minimum temperature is 10.2°C 
(SMN 2015). Pan evaporation, as measured by the Servicio Meteorológico Nacional (SMN) 
of the Mexican Ministry of Environment and Natural Resources (SEMARNAT) is highest in 
the late spring and summer months due to higher surface air temperatures and greater 
precipitation. Average daily pan evaporation taken from the three meteorological stations 
nearest San Miguel de Allende is approximately 5.1 mm day-1 (SMN 2015), while potential 
evaporation in parts of Guanajuato can exceed 1,500 mm year-1 (Barrett and Esquivel 
Longoria 2013). 
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2.2.2 Surface Hydrology 
 
The CI represents approximately 13% of the drainage area that makes up the largest 
and most important macro basin within México—the Lerma-Chapala Basin. With an historic 
annual surface runoff of over 6,000 mm3, the Lerma river supplies municipal, industrial and 
agricultural water to some 17 million people, or 15% of the Mexican population (Acosta and 
Montero Martínez 2014). The Upper portion of the Laja River, encompassing a majority of 
northern Guanajuato, drains into the Ignacio Allende Reservoir and covers a surface area of 
approximately 7,016 km2 (Torres-Benites et al. 2005). The average annual discharge at the 
outlet of the reservoir is approximately 258 mm3 (CNA 1997).  
Within the CI, the Laja River is the only perennial stream, with its main tributaries—
Arrastres, Dolores, San Marcos, the Plan, the Carrizal, and Bocas—all flowing intermittently, 
and its headwater stream systems flowing ephemerally. Rainfall is the primary contribution 
to surface runoff, although groundwater discharge in various forms does occur to a limited 
extent. Evidence indicates a total of 201 springs once existed in and around the CI, but that 
the number of active springs has decreased in recent years. As of 2005, 44 springs were 
observed with permanent discharge, 91 remained active during the rainy season, and the 
remaining 66 have dried up entirely (Navarro de León, Gárfias-Soliz, and Mahlknecht 2005).  
Since the arrival of the Spaniards in the 16th century the region’s hydrology has been 
modified by the construction of surface water diversions and dams and the drilling of over 
2,500 deep wells (Maganda 2003; Navarro de León, Gárfias-Soliz, and Mahlknecht 2005). 
Moderate to high population growth rates (1.24% average from 1940-2010), coupled with 
aggressive agricultural and industrial development policies, have resulted in groundwater 
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overexploitation and reduced water availability per capita in the State of Guanajuato 
(INEGI, 2015)(Table 2).  
Table 2.    Availability of water per capita for México and the State of Guanajuato , 1970-2000 
(m3/person/year). (CEAG, 1999) 
 
Year 1970 1980 1990 2000 
México 8502 6133 5046 4067 
Guanajuato 1538 1161 877 749 
 
 
There are over a dozen reservoirs along the main stem of the Laja River and many 
smaller impoundments along its tributaries. Built in 1968, Presa Ignacio Allende is located 
124 km from the headwaters. With a capacity of 180 Mm3, Presa Ignacio Allende is the 
largest impoundment within the CI and provides irrigation to some 18,000 ha (Mercado-
Silva et al. 2009; Wester et al. 2009).  
2.2.3 Vegetation, soils and topography 
 
Guanajuato sits between two distinct, large-scale ecoregions: to the north is the 
Madrean, which extends from Central México to the southwestern United States; to the 
south is the Caribbean, which covers southern Florida, southern México, and the rest of 
Central America. The Madrean ecoregion includes steppe, arid desert, and highland-type 
plant associations, while the Caribbean ecoregion largely consists of moist tropical plant 
communities. From north to south, the Madrean ecoregion is subdivided into the Great 
Basin, Californian, Sonoran and Mexican Highland (Altiplanicie Mexicana) subregions. The 
CI is located at the southern edge of the Mexican Highlands and holds a diversity of plant 
communities that are generally distributed along an elevation-based gradient. Xerophytic 
associations, such as those found in the Cactaceae family of plants, are common in lower 
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elevations (1,850-2,250 m.a.s.l.), while pine-oak forests become dominant at higher 
elevations.  
México is ranked among the most biodiverse countries in the world, with 
approximately 2,800 genera of vascular plants recorded (Villasenor 2004).  Although less 
diverse than some Mexican states (e.g. Chiapas, Oaxaca, and Veracruz), Guanajuato contains 
a high level of floristic diversity. For example, in the Poaceae family alone, Guanajuato 
contains 157 species, of which 19% are endemic (Dávila-Aranda, Lira-Saade, and Valdés-
Reyna 2004). Within the municipality of San Jose Iturbide, which makes up nearly 10% of 
the land area of the CI, 661 species of vascular plants have been recorded, 96% of which are 
of the phylum Angiospermae and 4% of the phyla Gynospermae or Pteradophyta (Gutiérrez and 
Solano 2014).  
The dominant soil types within the CI are pheozems and vertisols, with 
approximately 85% coverage. Pelic vertisol is common in the south, while haplic to luvic 
pheozems cover a majority of the central and northern portions of the watershed 
(Mahlknecht et al. 2004). Other soils of local significance within the basin are haplic xerosols 
and calcic cambosols. Accumulations of calcium carbonate (caliche) immediately beneath the 
solum are common in parts of the watershed. 
The CI is an intermountain sedimentary basin with a low point of 1,850 (m.a.s.l.) and 
high points of around 2,850 m.a.s.l at the peaks of the Sierra Guanajuato in the west.  
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2.2.4 Geology and lithology 
 
The CI is located at the intersection of three geologic provinces: the Sierra Madre 
Occidental (SMOc): the Sierra Madre Oriental (SMOr); and the Transmexican Volcanic Belt 
(TMVB) (Ferrari et al. 2000). The eastern portion of the basin, flanked by the SMOr, 
consists of a sequence of limestone, sandstone and marl deposited in the late Cretaceous 
period. The western boundary of the CI (SMOc) consists of extrusive igneous deposits from 
the late Cretaceous and early Tertiary periods. During the late Tertiary period, the 
emplacement of three stratovolcanoes to the south (TMVB) caused the hydrogeologic 
closing of the basin (Navarro de León, Gárfias-Soliz, and Mahlknecht 2005). The exposed 
volcanic rock, found at higher elevations, is of andesitic, rhyolitic, and basaltic composition, 
while the grabens have been filled in with thick layers of vocanoclastic sediments. The foot 
of the mountains are composed of breccias and partially-consolidated conglomerates within 
a matrix of course sand and gravel, and the plains consist of gravel, sand, silt, clay and 
volcanic ash. The valley fill ranges from a few meters in depth near the exposed 
mountainous rock to 460 m in the center of the basin (Navarro de León, Gárfias-Soliz, and 
Mahlknecht 2005). 
2.3 Human Geography 
 
2.3.1 Historical causes of land use and land cover change 
 
Within most of what is known today as the Bajío there was little or no permanent 
settlement prior to the arrival of Cortez (Butzer et al. 1997); several semi-nomadic tribes, 
which together form the larger group of people known as the Chichimecas, inhabited much 
of the northern and Central Mexican highlands. To the south, however, the Valley of México 
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(northeast of present-day Districto Federal) was settled by several sedentary Mesoamerican 
ancient civilizations—the Teotihuacan, Toltec and Aztec empires. Although these more 
advanced native cultures established permanent agriculture through complex irrigation 
systems and terraces, the tribes that inhabited parts of the Bajío left relatively little impact on 
the landscape.  
The environmental conditions associated with the pre-settlement era are difficult to 
establish, but have been transcribed from documentation linked to land grants (mercedes) 
awarded to Criollos from 1542-91. Vegetation descriptions in these mercedes are more 
physiognomic than floristic, resulting in some generic diversity being lumped into single 
species (e.g., mesquite). Nevertheless, the vegetation inferences made by Butzer et al. (1997), 
give a sense of the pre-colonial vegetative cover and environmental condition of the Bajío. 
Each cover type is separated by landform and is generally described by Butzer et al. (1997) as 
follows:  
i. Riverine/lacustrine areas were composed of riparian woodlands of mesquite, bald 
cypress groves and willow breaks with localized reed stands. Marshy ponds and live 
oak woodlands in arroyos indicate that gullying was not active at this time. An 
ecotone of tall mesquite trees, wetlands with reed swamps, and grassy flats was 
present on the fringes of lakes. 
ii. Level vertisolic plains were largely open with mesquite and acacia groves and an 
understory of thorny succulents. Seasonal marshes and lakes were common in this 
landform. 
iii. Mildly sloping plains with coarser substrates were occupied by bushy and thorny 
xeric plant communities, such as those dominated by Nopal or other cacti from the 
genus Opuntia. 
iv. Moderately sloping uplands again consisted of alternate open/mesquite and acacia 
associations, with scrub oak present in some areas. 
v. Mountains were primarily composed of live and deciduous oak. 
 
Land use changes within the Bajío can generally be broken into three periods of time: 
semi-mobile Chichimec and Tarascan agricultural settlement prior to Spanish intrusion in the 
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early 1500s; Spanish-Criollo settlement from the early 1500s through the early 1800s; and 
modern agricultural and industrial development from the early 1800s to present day.  
Pre-hispanic disturbances to vegetation in the form of clearings were localized to the 
southern and southeastern margins of the Bajío, as the more nomadic Chichimec tribes 
controlled the north and the more agriculturally-oriented Otomí and Tarascan people 
controlled the south. After about 1520, the Otomí and Tarascan people expanded from their 
traditional settlements in Jilotepec and the area around Lake Cuitzeo and Yuriria to Celaya, 
Querétaro, and outliers further afield such as San Miguel.  
Throughout the first half of Spanish-Criollo settlement, the dominant land use was open 
range stockraising, a practice which had relatively little impact on vegetation due to long-
distance transhumance (Butzer et al. 1997). The discovery of silver near the city of 
Guanajuato in the 1552 changed the economic trajectory of the region as it increased the 
value and interest that the Spanish placed on the Bajío. The initial surge in population 
brought about by the mining industry was followed by increased wealth and a correlated 
increase in demand for goods and services. The latter half of Spanish-Criollo colonization—
starting in the mid-1700s—brought another population boom that led to intensified pressure 
on resources within the Bajío. Throughout the 1800s, as areal silver mines began to wane in 
productivity, the region’s economy became increasingly focused on the agricultural 
production of grains (especially wheat, corn, barley and beans). At the end of the nineteenth 
century a railroad linking the Bajío to México City ensured marketability for its crops. Such 
agricultural growth relied heavily on the construction of multiple irrigation channels, canals, 
and dams to “plumb” an otherwise semi-arid landscape. By 1900, the run-of-the-river 
irrigation potential of the tributaries of the larger Lerma basin had been almost entirely 
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developed. From 1930-2000 the area under irrigation within the Lerma Basin increased a 
minimum fivefold, and possibly as much as 7.5; by the end of the 1980s basin storage 
capacity reached 4499 Mm3—nearly equivalent to the basin’s annual volume of surface water 
runoff (Wester et al. 2009).  
Between 1960 and 1982, a period of agricultural modernization took place within the 
Bajío. The commercial production of sorghum, used primarily for livestock silage, displaced 
traditional crops such as wheat, maize and beans. During this time, the amount of irrigated 
land dedicated to sorghum production increased more than 100 fold, from 1,278 ha to 150, 
681 ha (Marañón 2006).  Concurrently, the number of chickens raised in México during this 
time rose precipitously from 77 million to over 240 million. The Bajío increasingly became 
the main supplier of meat and dairy products to México’s urban centers, and domestic policy 
encouraged not just inward agricultural modernization, but external modernization as well. 
In addition to advances in infrastructure and changes in crop production, the agroindustrial 
development seen throughout the Bajío today is a result of multinational economic 
integration. Trade liberalization (e.g., North American Free Trade Agreement) in recent 
decades has increased the flow of foreign direct investment in commercial food processing 
within the Bajío.  
As communally-owned property, the ejidal land surrounding San Miguel de Allende has 
been less impacted by external market forces than the more fertile and privatized Bajío land 
to the south. With more of a focus on local subsistence, the ejidos from which the nine sub-
catchments of interest in the present study are found have been impacted by unregulated 
grazing, and wood-harvesting. The voluntary implementation of land use best practices such 
as grazing exclosures and rotation, terracing, and prevention of wood-harvesting have only 
 40 
recently been introduced to ejido leaders and residents. Moreover, the adoption of such 
practices is limited by the availability of funding to sponsor educational outreach. 
Consequently, much ejido-owned land still suffers from high rates of erosion—gullying is 
evident in several of the ejidos included in this study.  
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3. Methods 
 
The first three sections—field methods, and Geographic Information Systems (GIS) 
methods, and statistical methods—provide a detailed description of the materials, data, and 
methods used in this study. The fourth section details methodological limitations.  
3.1 Field Methods 
 
The field data were collected as a theoretical link to the effectiveness of a check dam 
as defined by its ability to retain sediment flows. For this study, pebble counts taken on the 
upstream and downstream side of a check dam provide this theoretical connection. The 
channel surface grain size data obtained from field sampling schemes such as pebble counts 
reveal much about local fluvial sediment transportation dynamics. For example, larger grain 
sizes are generally associated with areas of higher erosivity, while smaller grain sizes indicate 
lower streamflow velocities and deposition (Bundt and Abt, 2001).  
Other studies have estimated the volume of sediment trapped behind check dams as 
a measure of efficiency (e.g., Mekonnen et. al. 2015). The aim of these other studies is 
different however, in that their primary focus is the siltation of downstream reservoirs (e.g., 
volume of sediment withheld from basin outlet).  Although avoiding siltation of the Presa 
Allende is an ecosystem service worthy of consideration, more important to this study is the 
re-establishment of natural fluvial equilibrium through the recruitment of riparian species.  
Two evidence-based conclusions from the literature are relevant here: i) effective 
rooting of riparian species along ephemeral streams in desert environments is limited by 
water availability (Lazaro et al. 2001); and ii) finer particle sizes have been shown to support 
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denser patches of vegetation through higher soil water retention in semi-arid fluvial 
environments (Hamdan and Stromberg 2016). In this study, the use of particle size as an 
indicator of potential recruitment of riparian species rests on the above observations. The 
difference in distributions of surface grain sizes taken on either side of a check dam is 
therefore assumed to be a proxy for the ability of a check dam to retain mobilized sediment 
and create edaphic conditions that favor healthy riparian habitats. More specifically, the 
greater the difference (DsD50-UsD50) in the median of opposing downstream (DsD50) and 
upstream (UsD50) distributions, the greater the indication of check dam effectiveness. The 
potential influence of basin characteristics such as discharge and size are controlled by 
comparing the difference in medians across different check dams, as opposed to comparing 
the raw D50 values. 
3.1.1 Site Selection and Equipment  
 
Before travelling to the study area, the locations of 30 check dam sites were selected 
from an existing SRL geodatabase. In the context of this study, a site is representative of one 
series of check dams within a single stream reach (there may be several sites within an ejido). 
Although initial site selection was based on proximity to San Miguel de Allende, local 
knowledge of accessibility dictated the final subset of sites visited. A total of 17 sites where 
check dams had been constructed since 1995 were visited in the field during August, 2014. 
At four of these sites there was either no discernible sign of check dams or the structural 
conditions of those found were such that measurement was not possible. Within the 
remaining 13 sites at which check dams were found to have unaltered or slightly/heavily 
compromised functionality (see section 3.1.2 for class descriptions), a total of 21 individual 
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check dams were chosen for measurement. Table 3 provides a description of each check 
dam visited in the field.  
The original 30 sites were downloaded from the SRL project geodatabase to a 
handheld GPS device (Trimble Juno 3B). A data dictionary was created and downloaded 
onto the handheld GPS device to accommodate digital data collection of grain sizes, bankfull 
channel widths, and land use/ecologic conditions. A metal sieve template (Gravelometer) 
was used to measure grain sizes, and a field tape was used to measure bankfull channel 
widths.  
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Table 3.    Description of check dams visited in the field.  Name = ejido designation; numeral = particular 
subwatershed, where there is more than one subwatershed within an ejido; capital letter = 
upstream/downstream position of a particular check dam within a subwatershed, where “U” is furthest 
upstream, “I” is intermediate, and “D” is furthest downstream. An asterick (*) indicates a check dam that 
was located, but not in measurable condition. Ecologic disturbance types: MW = Mass Wasting; G = 
Grazing; A = Agriculture. 
 
Check Dam ID SRL Project? 
Same as 
Original SRL 
Location? 
Year 
Constructed Type 
Ecological 
Disturbance 
Alcocer Yes Yes 2011 Rock G 
Alonzo Yáñez U Yes Yes 2002 Rock G 
Alonzo Yáñez D Yes Yes 2002 Rock G 
Augustín González 1U Yes No 2004 Rock None 
Augustín González 1D Yes No 2004 Rock None 
Augustín González 2U Yes No 2004 Rock MW 
Augustín González 2D Yes No 2004 Rock G, A 
Augustín González 3 Yes No 2004 Rock G, MW 
Cabras de Begoña U Yes Yes 2002 Rock G 
Cabras de Begoña I Yes Yes 2002 Rock G 
Cabras de Begoña D Yes Yes 2002 Rock G 
Estancia de Canal U No n/a 1995 Rock None 
Estancia de Canal D No n/a 1995 Rock None 
La Cruz del Palmar 1 Yes No 2012 Gabion None 
La Cruz del Palmar 2 Yes No 2012 Gabion MW 
Fajardo de Támbula U Yes Yes 2002 Rock None 
Fajardo de Támbula D Yes Yes 2002 Rock None 
El Salitre U Yes No Not Known Wood MW 
El Salitre D Yes No Not Known Wood MW 
Sosnabar 1 Yes Yes 2002 Rock G 
Sosnabar 2 Yes Yes 2002 Rock G 
Augustín González 4* Yes No 2012 Rock G 
Estancia de Canal 2 Yes Not Located n/a n/a n/a 
La Tinaja Yes Not Located n/a n/a MW 
El Salitrillo Yes Not Located n/a n/a n/a 
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(a) 
 
(c)
 
 
(b) 
 
(d) 
Figure 7.    Photos showing the types and conditions of check dams visited in the field. (a) a rock check 
dam classified as “unaltered functionality”; (b) an example of a gabion; (c) a rock check dam that was 
not measured due to a lack of functionality; (d) and an example of a woody debris check dam.   
 
 46 
 
3.1.2 Site-Scale Data Collection  
Most of the check dams visited were SRL projects, however some were not located 
in the same position as the original database points suggested. This would seem to indicate 
that the original check dams had disappeared due to high flow events and that other check 
dams had been built since. Although the majority of check dams seen and measured in the 
field were simple rock structures, two gabiones (La Cruz del Palmar 1 and 2) and two woody 
debris (El Salitre A and B) check dams were also measured. Figure 7 provides a visual 
context for each type of check dam. The type of ecologic disturbance most often noted in 
the field was grazing, followed by mass wasting in the form of headcutting and badland 
development. Maize crops were mostly found in lower elevations, while steep slopes 
precluded agriculture from many of the upland sites where check dams were located.  
At each check dam visited, pebble counts were conducted directly upstream and 
downstream using a method originally described in Wolman (1954). This technique has been 
widely used in geomorphic and non-geomorphic studies as a means of quantifying bed 
surface roughness through characterization of grain size distributions (Kondolf 1997). An 
important consideration when conducting pebble counts is sample selection methodology. 
So as not to bias each sample distribution, use of a grid system is common practice. 
However, if use of a formal grid frame is impractical due to remoteness of site, an alternative 
technique is to “draw each pebble from beneath the tip of the toe of his boot”, each 
proceeding step taken from the toe of the preceding step (Wolman 1954). Each grain sample 
is then measured with a Gravelometer and recorded into size classes. The smallest size 
opening that a grain sample is able to pass through becomes that sample’s recorded class. 
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Frequency distributions of different sample sets can then be created that offer valuable 
geomorphic insight into the fluvial location of interest. 
A total of 96 individual grain samples were measured and recorded at each check 
dam. Six transects of 16 heel-to-toe steps were walked at each check dam—three on the 
upstream side and three on the downstream side. Each transect began at the base of a given 
check dam from approximately 25%, 50%, or 75% of bankfull channel width (Figure 8). 
Photos were also taken at the beginning of each transect. 
In addition to pebble counts taken at each check dam, bankfull channel width and 
check dam type, age, condition, as well as surrounding land use/ecologic disturbances were 
observed and noted at each site. When evident, changes in vegetation community type were 
used to establish bankfull conditions. In the case of channels that lacked visual evidence of 
transitioning riparian/upland vegetation community types, check dam cross-sectional length 
was measured. Check dam conditions were ranked according to visual inspection and 
judgement in the field. Check dams with uncompromised structure (original form intact) 
were classified as “unaltered functionality”; check dams with approximately 25% 
compromised structure were classified as “slightly compromised functionality”; and check 
dams with approximately 50% compromised structure were classified as “heavily 
compromised functionality”. Check dams found with greater than 50% compromised 
structure were not measured. Channel bank scouring, although only observed at two sites, 
was also a factor in considering check dam condition. 
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Figure 8.    Illustration of the protocol used in the field. 
3.2 GIS Methods  
 
ArcGIS 10.2 was used to derive subwatershed attributes that were expected to 
correlate well with the DsD50-UsD50 values between check dams (see Table 4). A detailed 
description of the datasets and processes used to derive each variable is explained in the 
following sections. Of the watershed variables estimated/modeled, total stream power is of 
greatest interest due to its established link with fluvial geomorphologic change (Talling and 
Sowter 1998). This link is further detailed in section 3.2.2.  
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3.2.1 Non-stream power subwatershed variables 
 
Several subwatershed variables not directly related to stream power were of interest 
due to their potential link to DsD50-UsD50 values. All of these variables—elevation, 
subwatershed area, distance from channel head, subwatershed shape, Strahler stream order, 
canopy cover, brush cover, cropland, and barren land—were derived from GIS and/or aerial 
imagery.  
The elevation associated with each check dam was extracted from a five-meter, 
LiDAR-derived digital elevation model (DEM) obtained from Instituto Nacional de 
Estadistíca y Geographía (INEGI). After delineating each subwatershed of interest (see 
section 3.2.2 for more detail), several subwatershed dimensions were measured in ArcGIS 
10.2. The circumference of each subwatershed polygon was measured to calculate 
subwatershed area; the length and width along each subwatershed’s long and short axes were 
measured to calculate subwatershed shape; and the length of each subwatershed’s main 
stream course (from channel head to furthest downstream check dam) was measured to 
calculate distance from channel head. Mean watershed slope and Strahler stream order were 
calculated using existing tools within the Spatial Analyst toolbox.  
Percentage of canopy/brush cover and cropland/barren land for each subwatershed 
were calculated through the following steps: i) high-resolution imagery for each 
subwatershed was imported into ArcGIS 10.2 from Google Earth Pro; ii) all images were 
georeferenced from a geographical coordinate system (GCS) to a projected coordinate 
system (PCS)—specifically, Universal Transverse Mercator (UTM) zone 14 North; and iii) 
four cover classes (canopy cover, brush cover, cropland, and barren land) were delineated 
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using supervised classification. The cumulative classified area of canopy/brush cover and 
cropland/barren land for each subwatershed was then divided by the total subwatershed area 
of each site. 
3.2.2 Stream Power Model 
 
Stream power is a measure of the main driving forces acting in a channel and 
determines a stream’s capacity to transport sediment and perform geomorphic work (Bizzi 
and Lerner 2015). It follows that stream power is related to the functionality of a check dam, 
as one purpose of a check dam is to inhibit a stream’s ability to transport sediment that is 
entrained in flow. Thus, the relative stream power within a stream reach can potentially be 
used as a means of explaining the observed variability in check dam functionality.  
Total stream power (TSP) is a function of three variables, one of which is constant 
(the specific weight of water), and two of which must be measured or estimated. The two 
estimated variables, local channel slope and local channel discharge, can both be calculated 
from a DEM (Parker et al. 2015). Total stream power is mathematically defined as 
Ω = 𝛾𝛾𝛾𝛾𝑆𝑆𝑒𝑒                                             
(1) 
where Ω is TSP (W m-1); 𝛾𝛾 is the specific weight of water (9810N); 𝛾𝛾 is discharge (m3 s-1); 
and 𝑆𝑆𝑒𝑒   is channel slope energy (m m-1).  
 The following sections provide a description of the process used to calculate TSP 
within GIS. There are five main groups within the model: i) watershed delineation; ii) 
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channel slope; iii) channel discharge; iv) channel stream power; and v) change in channel 
stream power (Figure 9).  
Watershed Delineation 
This study used established GIS methods to derive stream networks and watershed 
polygons from a DEM. Several tools from within the Spatial Analyst Toolbox in ArcGIS 
10.2 were used in this process. First, the DEM was filled in order to eliminate any false sinks 
and ensure that the digital model accurately reflects natural drainage patterns. Once filled, 
each cell within the DEM was assigned a direction of flow and subsequently a number which 
represents the amount of contributing cells for all target cells. The resulting flow 
accumulation raster was then reclassified to create a vector stream network. A threshold of 
1000 accumulated cells was used to establish the origin of channel heads. The final step of 
watershed delineation requires the creation of pour points.  For this study, the furthest 
downstream check dam within a site was used as each subwatershed’s pour point. From 
these user-defined points along the stream channel, each subwatershed was delineated and 
vector polygons were created. 
Channel Slope 
The process of creating a channel slope image begins with the filled DEM. After 
extracting the channel elevation profile, slope was calculated via an existing tool within 
ArcGIS 10.2. For each target cell, this output returns the maximum percent change from 
within a 3 x 3 cell window. The cell values associated with the extracted channel are the only 
float point numbers remaining for the neighborhood operation (cells with a NoData value 
are excluded from the calculation). Given that the desired slope units are m m-1(rise over 
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run), a conversion was necessary. The final channel slope output represents an 
approximation of local channel slope energy and was substituted into Equation 1 as the 
term 𝑆𝑆𝑒𝑒. 
Channel Discharge 
Conceptually, there are two primary components needed to model a network of 
spatially continuous stream discharge values within a GIS. The first is an image that 
represents the drainage area values corresponding to each contiguous cell within a stream 
network. The second is an equation that is representative of the relationship between the 
drainage areas and corresponding observed discharge values for similarly-sized watersheds 
within the region of interest. 
 
 
 
 
 
 
 
 
 
 
 53 
G  2 1 2 1 1 2 2 2 1 2 1 2 2 2 2 1 2 1 1 1 2 
∆
TS
P 
-2
9.
80
 
2.
55
 
-1
.7
0 
13
.2
0 
10
.0
0 
-3
.9
0 
-0
.4
0 
-0
.3
0 
0.
64
 
-3
.2
0 
5.
30
 
-5
.2
0 
-2
4.
80
 
-0
.3
0 
-0
.5
2 
20
.0
0 
-0
.1
8 
0.
05
 
0.
50
 
0.
02
 
-0
.0
1 
TS
P 
15
6.
20
 
22
.4
0 
43
.9
0 
51
.5
0 
91
.5
0 
8.
60
 
53
.7
0 
13
.8
0 
1.
20
 
7.
90
 
11
.5
0 
99
.5
0 
46
.6
0 
3.
20
 
0.
70
 
37
.7
0 
14
7.
90
 
0.
02
 
1.
60
 
1.
20
 
1.
60
 
Q m
ed
 
0.
41
9 
0.
07
6 
0.
08
0 
0.
10
5 
0.
13
3 
0.
05
5 
0.
05
7 
0.
02
6 
0.
00
2 
0.
02
3 
0.
02
4 
0.
07
8 
0.
11
3 
0.
00
7 
0.
00
3 
0.
19
2 
0.
21
6 
0.
00
1 
0.
00
2 
0.
01
3 
0.
00
8 
Sl
ch
 
0.
03
8 
0.
03
0 
0.
05
6 
0.
05
0 
0.
07
0 
0.
01
6 
0.
09
6 
0.
05
4 
0.
05
6 
0.
03
5 
0.
04
9 
0.
13
0 
0.
04
2 
0.
04
7 
0.
02
5 
0.
02
0 
0.
03
2 
0.
02
0 
0.
02
0 
0.
01
0 
0.
02
0 
B 0.
16
 
0.
03
 
0.
03
 
0.
08
 
0.
07
 
0.
16
 
0.
17
 
0.
10
 
0.
54
 
0.
46
 
0.
45
 
0.
11
 
0.
90
 
0.
30
 
0.
46
 
0.
19
 
0.
22
 
0.
52
 
0.
51
 
0.
20
 
0.
44
 
Ag
 
0.
20
 
0.
42
 
0.
43
 
0.
13
 
0.
11
 
0.
59
 
0.
62
 
0.
51
 
0.
00
 
0.
00
 
0.
00
 
0.
00
 
0.
03
 
0.
00
 
0.
00
 
0.
09
 
0.
09
 
0.
00
 
0.
00
 
0.
61
 
0.
00
 
Bc
 
0.
38
 
0.
28
 
0.
22
 
0.
53
 
0.
54
 
0.
09
 
0.
06
 
0.
18
 
0.
34
 
0.
29
 
0.
30
 
0.
60
 
0.
60
 
0.
62
 
0.
50
 
0.
35
 
0.
34
 
0.
47
 
0.
47
 
0.
15
 
0.
53
 
Cc
 
0.
43
 
0.
29
 
0.
30
 
0.
26
 
0.
28
 
0.
15
 
0.
14
 
0.
20
 
0.
12
 
0.
25
 
0.
25
 
0.
28
 
0.
27
 
0.
08
 
0.
04
 
0.
37
 
0.
35
 
0.
01
 
0.
02
 
0.
04
 
0.
03
 
SS
O 
3 3 3 3 3 3 3 3 1 2 2 2 3 1 1 4 4 1 1 1 1 
Sl
w
s 
0.
39
 
0.
17
 
0.
18
 
0.
20
 
0.
19
 
0.
12
 
0.
12
 
0.
13
 
0.
14
 
0.
22
 
0.
22
 
0.
29
 
0.
28
 
0.
04
 
0.
05
 
0.
27
 
0.
25
 
0.
01
 
0.
02
 
0.
03
 
0.
02
 
Sh
w
s 
5.
0 
3.
8 
3.
8 
1.
9 
2.
2 
2.
7 
3.
0 
4.
5 
8.
0 
3.
2 
3.
3 
3.
3 
3.
0 
1.
7 
2.
1 
2.
1 
2.
3 
2.
1 
3.
4 
6.
0 
5.
5 
D C
hH
 
4.
07
 
1.
36
 
1.
40
 
1.
26
 
1.
59
 
0.
89
 
1.
02
 
1.
20
 
0.
09
 
0.
68
 
0.
70
 
1.
60
 
1.
90
 
0.
05
 
0.
12
 
2.
08
 
2.
45
 
0.
05
 
0.
20
 
0.
23
 
0.
05
 
A w
s 
2.
60
 
0.
60
 
0.
66
 
0.
67
 
0.
84
 
0.
38
 
0.
40
 
0.
29
 
0.
03
 
0.
19
 
0.
21
 
0.
54
 
0.
76
 
0.
08
 
0.
05
 
1.
15
 
1.
28
 
0.
02
 
0.
02
 
0.
03
 
0.
02
 
El
 
21
80
 
19
27
 
19
11
 
19
71
 
19
53
 
19
35
 
19
24
 
19
13
 
22
62
 
21
75
 
21
66
 
20
42
 
19
98
 
18
87
 
18
84
 
21
27
 
21
11
 
19
04
 
19
00
 
20
98
 
20
88
 
Ch
ec
k 
Da
m
 ID
 
Al
co
ce
r 
Al
on
zo
 Y
áñ
ez
 U
 
Al
on
zo
 Y
áñ
ez
 D
 
Au
gu
st
ín
 G
on
zá
le
z 1
U 
Au
gu
st
ín
 G
on
zá
le
z 1
D 
Au
gu
st
ín
 G
on
zá
le
z 2
U 
Au
gu
st
ín
 G
on
zá
le
z 2
D 
Au
gu
st
ín
 G
on
zá
le
z 3
 
Ca
br
as
 d
e 
Be
go
ña
 U
 
Ca
br
as
 d
e 
Be
go
ña
 I 
Ca
br
as
 d
e 
Be
go
ña
 D
 
Es
ta
nc
ia
 d
e 
Ca
na
l U
 
Es
ta
nc
ia
 d
e 
Ca
na
l D
 
La
 C
ru
z d
el
 P
al
m
ar
 1
 
La
 C
ru
z d
el
 P
al
m
ar
 2
 
Fa
ja
rd
o 
de
 T
ám
bu
la
 U
 
Fa
ja
rd
o 
de
 T
ám
bu
la
 D
 
El
 S
al
itr
e 
U 
El
 S
al
itr
e 
D 
So
sn
ab
ar
 1
 
So
sn
ab
ar
 2
 
Ta
bl
e 
4.
   
 G
IS
-d
er
iv
ed
 v
ar
ia
bl
es
 fo
r e
ac
h 
ch
ec
k 
da
m
 v
isi
te
d.
  E
l =
 E
le
va
tio
n 
(m
.a
.s.
l);
 A
w
s =
 S
ub
w
at
er
sh
ed
 a
re
a 
(k
m
2 );
 D
Ch
H =
 D
ist
an
ce
 fr
om
 ch
an
ne
l h
ea
d 
(k
m
); 
Sh
w
s =
 W
at
er
sh
ed
 sh
ap
e 
(L
/W
); 
Sl
w
s =
 M
ea
n 
su
bw
at
er
sh
ed
 sl
op
e 
(m
m
-1
); 
SS
O 
= 
St
ra
hl
er
 st
re
am
 o
rd
er
; C
c =
 C
an
op
y 
co
ve
r (
%
); 
Bc
 =
 B
ru
sh
 co
ve
r 
(%
); 
Ag
 =
 C
ro
pl
an
d 
(%
); 
B 
= 
Ba
rr
en
 (%
); 
Sl
ch
 =
 Lo
ca
l c
ha
nn
el
 sl
op
e 
(m
m
-1
); 
Q
m
ed
 = 
Tw
o-
ye
ar
 re
tu
rn
 in
te
rv
al
 d
isc
ha
rg
e 
(m
3 s
-1
); 
TS
P 
= 
To
ta
l s
tr
ea
m
 p
ow
er
 
(W
at
ts
 m
-1
); 
∆
TS
P 
= 
Ch
an
ge
 in
 to
ta
l s
tr
ea
m
 p
ow
er
 (W
at
ts
 m
-1
); 
an
d 
Gu
 =
 G
eo
m
or
ph
ic 
un
it.
 
 54 
Drainage Area Image 
The calculation of flow accumulation is a necessary step in the GIS workflow used 
for watershed and stream network delineation. As implied by its name, flow accumulation 
simply represents the total number of cells that flow into any given cell within a DEM. By 
extracting only the flow accumulation totals along the stream channel and applying a 
conversion to account for cell size, an image can be produced that approximates the 
drainage area associated with each continuous channel cell.  
Regional Discharge Area Relationship  
The majority of stream networks worldwide, particularly within headwater reaches, 
are ungauged or poorly gauged. Inconsistency in hydrometric data collection is largely 
attributable to lack of funding or institutional capacity and an inability to see the long-term 
value of such data (Razavi and Coulibaly 2013). The resulting unevenness of surface 
hydrologic data from watershed to watershed the world over has prompted the necessity of 
what has been termed “regionalization”, which refers to the transfer of hydrologic 
information from gauged to ungauged locations (Samuel, Coulibaly, and Metcalfe 2011). 
However, identifying and providing the appropriate regionalization methods remains a 
challenging task for researchers. In response to this challenge, the International Association 
of Hydrological Sciences (IAHS) launched a decade-long initiative (2003-2012), the 
Prediction in Ungauged Basins (PUB), intended to support the scientific community’s efforts 
to achieve major advances in the capacity to make predictions in ungauged basins (Sivapalan 
et al. 2003).  
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Razavi and Coulibaly (2013) provide a detailed review of the regionalization methods 
used to calculate stream discharge in ungauged basins. Of the two classes of regionalization 
methods—hydrologic model-independent and hydrologic model-dependent—model-
independent methods are   less complex and have lower data requirements, and thus are a 
better match for the present study.  
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Figure 9.    Chart of GIS workflow for calculating spatially explicit total stream power.  
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Within this category of regionalization methods, regression-based approaches are most 
commonly used for characterizing relationships between hydrologic responses and 
catchment attributes (Razavi and Coulibaly 2013). A linear regression-based approach is used 
in this study and is detailed below.  
The first step in establishing an appropriate method for estimating discharge at 
ungauged locations is the selection of watershed attributes. For the purposes of calculating 
total stream power, the median flood (Qmed) is commonly used as the dependent variable 
(Jain et al. 2006; Barker et al. 2009). As described by Razavi and Coulibaly (2013), many 
watershed attributes, both physiographic and climate based, can be used as the independent 
variables in the regression equation. This study uses the single attribute of catchment area 
because it is relatively easy calculate yet provides a good prediction of streamflow. Other 
studies have compared performance differences between hydrologic response variables and 
various watershed attributes. For example, Bizzi and Lerner (2015), related discharge to 
Shreve’s Index (Shreve, 1966), which is a stream order classification system that accounts for 
the non-linearity between flow and distance downstream due to tributaries, and drainage area 
and found a minor difference in their respective R2 values.  
After selecting the appropriate attribute(s) for the analysis, data collection and 
processing must be performed. To the greatest degree possible, gauged data used in the 
analysis should be taken from stations that match the ungauged locations with respect to 
watershed size. Proximity to the watershed of interest is also an important parameter. A third 
important consideration is the extent to which the flow of the donor watersheds is 
controlled.  Due to the small size of the subwatersheds of interest in this study, the smallest 
of all nearby gauged watersheds was utilized. Furthermore, and regardless of period-of-
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record length, by avoiding downstream (and theoretically more controlled) gauge sites, a 
more natural peak flow regime is represented in the regression equation. The locations, 
catchment areas and periods-of-record of the chosen donor sites are shown in Table 5.  
 
Table 5.    Description of gauged watersheds used to calculate the drainage area relationship.
Stream Gauge Qmed        
(m3 s-1) 
Area    
(km2) 
Latitude Longitude 
Euclidian Distance 
from Study Area    
(km) 
Period 
of 
Record 
(yrs) 
El Tigre 6.0 25 21° 04” 17’ 101° 27” 48’ 68.5 4 
González 50.6 120 20° 53” 15’ 100° 50” 45’ 0.0 6 
El Chapin 91.9 226 20° 52” 17’ 101° 14” 08’ 40.7 38 
San Juan Temascatio 147.7 251 20° 44” 00’ 101° 13” 27’ 42.8 22 
Cinco Senores 162.6 408 20° 57” 30’ 100° 55” 00’ 10.7 38 
 
Annual peak discharge for donor gauge sites was collected from the Banco Nacional 
de Datos de Aguas Superficiales (BANDAS) database, managed by Comision Nacional del 
Agua (CONAGUA), while the associated drainage area for each site was gathered from a 
web application operated by BANDAS (CNA 2015).  The statistical analysis used to convert 
the data series of peak annual discharge values (Qmax) for each site’s period-of-record into 
estimated discharge values for 2, 5, 10, 25, 50, 100, and 500-year recurrence intervals is 
outlined in the subsequent section.  
Flood Frequency Distributions  
The peak flows associated with two-year recurrence intervals were extracted from 
frequency distributions constructed by employing the Log-Pearson Type III Distribution 
technique (IACWD, 1982). This technique is the standard statistical method used by U.S. 
federal agencies to predict and fit return intervals of various lengths to particular event 
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magnitudes. There are six steps involved in calculating flood frequency distributions via the 
Log-Pearson Type III technique:  
i. Qmax values for the period-of-record associated with each donor site are ranked 
from largest to smallest. 
ii.  The log of all Qmax values is calculated. 
iii.  The variance, standard deviation, and skew coefficient for each log distribution is 
calculated. Variance can be defined as  
 𝜎𝜎𝑖𝑖2 =  ∑ (𝑧𝑧𝑖𝑖𝑖𝑖−?̅?𝑧𝑖𝑖)2𝑛𝑛𝑖𝑖𝑖𝑖=1𝑛𝑛𝑖𝑖−1                (2) 
where 𝜎𝜎𝑖𝑖2 = the sample variance at station 𝑖𝑖; 𝑛𝑛𝑖𝑖 = the number of observed annual 
peak flows at station 𝑖𝑖; 𝑧𝑧𝑖𝑖𝑖𝑖 = the logarithm of annual peak flow at station 𝑖𝑖 in year 𝑡𝑡; 
and 𝑧𝑧?̅?𝑖 = the mean of logarithms at station 𝑖𝑖. Standard deviation can be defined as 
𝜎𝜎𝑖𝑖 =  �∑ (𝑧𝑧𝑖𝑖𝑖𝑖−?̅?𝑧𝑖𝑖)2𝑛𝑛𝑖𝑖𝑖𝑖=1𝑛𝑛𝑖𝑖−1                            (3) 
where 𝜎𝜎𝑖𝑖 = the sample standard deviation at station 𝑖𝑖; 𝑛𝑛𝑖𝑖 = the number of observed 
annual peak flows at station 𝑖𝑖; 𝑧𝑧𝑖𝑖𝑖𝑖 = the logarithm of annual peak flow at station 𝑖𝑖 in 
year 𝑡𝑡; and 𝑧𝑧?̅?𝑖 = the mean of logarithms at station 𝑖𝑖. Skew coefficient can be defined 
as 
𝑔𝑔𝑖𝑖 =  𝑛𝑛𝑖𝑖 ∑ (𝑧𝑧𝑖𝑖𝑖𝑖−?̅?𝑧𝑖𝑖)3𝑛𝑛𝑖𝑖𝑖𝑖=1(𝑛𝑛𝑖𝑖−1)(𝑛𝑛𝑖𝑖−2)𝑠𝑠𝑖𝑖3                              (4)        
where 𝑔𝑔𝑖𝑖 = the skew coefficient at station 𝑖𝑖; 𝑛𝑛𝑖𝑖 = the number of observed annual 
peak flows at station 𝑖𝑖; 𝑧𝑧𝑖𝑖𝑖𝑖 = the logarithm of annual peak flow at station 𝑖𝑖 in year 𝑡𝑡; 
𝑧𝑧?̅?𝑖 = the mean of logarithms at station 𝑖𝑖; and 𝑠𝑠𝑖𝑖 = the sample standard deviation of 
logarithms at station 𝑖𝑖. 
iv. An unbiased skew coefficient, which accounts for station bias related to short 
periods of record for each log distribution, is calculated. Unbiased skew coefficient 
can be defined as 
𝐺𝐺𝑖𝑖 = ∑𝑔𝑔𝑖𝑖𝑛𝑛𝑖𝑖  ×𝑔𝑔𝑖𝑖                 (5) 
where 𝐺𝐺𝑖𝑖 = the unbiased skew coefficient at station 𝑖𝑖; ∑𝑔𝑔𝑖𝑖𝑛𝑛𝑖𝑖 = the regional skew 
coefficient; and 𝑔𝑔𝑖𝑖 = the skew coefficient at station 𝑖𝑖. 
v. The resulting unbiased skew coefficient is then used along with a frequency factor 
look-up table (Table A1) to calculate K values for each recurrence interval (linear 
extrapolation is used to calculate K values for which the unbiased skew coefficient 
falls between the reference skew coefficients found in the look-up table).  
vi. The discharge associated with Qmed and/or other recurrence intervals are calculated. 
Qmed can be defined as 
𝛾𝛾𝑚𝑚𝑒𝑒𝑑𝑑𝑖𝑖 = 𝑧𝑧?̅?𝑖 + 𝐾𝐾𝑚𝑚𝑒𝑒𝑑𝑑𝑖𝑖×𝜎𝜎𝑖𝑖               (6) 
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where 𝛾𝛾𝑚𝑚𝑒𝑒𝑑𝑑𝑖𝑖 = the discharge associated with a two-year recurrence interval at 
station 𝑖𝑖; 𝑧𝑧?̅?𝑖 = the mean of logarithms at station 𝑖𝑖; 𝐾𝐾𝑚𝑚𝑒𝑒𝑑𝑑𝑖𝑖 = the K value associated 
with a two-year recurrence interval at station 𝑖𝑖; and 𝜎𝜎𝑖𝑖 = the sample standard 
deviation at station 𝑖𝑖. 
The K values, estimated discharge values, and flood frequency distributions for the five 
donor gauge sites are shown in Figures 10. 
 
(a) El Tigre 
 
 
 
(b) González 
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(c) El Chapin  
 
 
 
(d) San Juan Temascatio 
 
 
 
(e) Cinco Senores 
 
Figure 10.    K values and flood frequency distributions for donor gauge sites. 
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Discharge to Area Regression 
The Qmed and associated drainage area values for each donor gauge station is plotted 
in Figure 11. Both variables were log-transformed and a linear regression analysis was 
performed. The regression line generated by the data shows a strong, positive linear 
correlation between the two variables. Over 98% of the variance observed in the plotted 
data points is explained by the linear function 𝑦𝑦 = 1.2299𝑥𝑥 − 2.073, where 𝑦𝑦 = Qmed; and 
𝑥𝑥 = drainage area. This regression equation was applied to the drainage area image and the 
resulting cell values were converted from natural logarithmic units back into m3 s-1 units to 
create the final discharge output. 
Channel Stream Power 
The calculation of TSP at Qmed along a stream channel is simply a matter of applying 
Equation 1 within a GIS. The product of the channel slope raster, the channel discharge 
raster and the specific weight of water yields continuous TSP values along the stream 
network of interest. This procedure was performed with the Raster Calculator tool in 
ArcGIS 10.2. 
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Figure 11.    Relationship between Qmed and drainage area for donor watersheds. 
Change in Stream Power 
In this study, the usage of change in total stream power (∆TSP) provides the 
necessary data to classify a given stream reach as erosion or deposition-dominated. Previous 
studies have established the connection between stream power and channel sensitivity to 
erosion-deposition processes (Talling and Sowter 1998; Bizzi and Lerner 2015; Parker et al. 
2015; Lea and Legleiter 2016). The working hypothesis of the present research is that check 
dams located in deposition-dominated sections of a stream channel will be more effective at 
retaining sediment than those sections of stream located in erosion-dominated areas, as 
indicated by higher values of DsD50-UsD50. 
As the final nested workflow within the GIS model, the calculation of DTSP required 
several steps (Figure 9). First, the continuous TSP values associated with each headwater 
stream network of interest was clipped to the corresponding subwatershed boundary. Each 
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individual stream network of TSP values was then processed to identify local TSP (TSPlocal) 
and upstream TSP (TSPup) contributions (Figure 12). Although both processes use the same 
tools within ArcGIS 10.2, the neighborhoods or specified grouping of cells to which the 
chosen statistical calculation is applied, are different. The size of neighborhood for both 
processes is based on the amount of smoothing desired and must also be consistent with the 
scale of analysis (i.e., size of watershed and spatial resolution of DEM). Care must be taken 
to ensure that neighborhood sizes match each study domain’s scale. As Bizzi and Lerner 
(2015) demonstrate, larger neighborhood sizes result in the diminished influence of 
maximum and minimum local TSP values (i.e., the highest and lowest values are smoothed 
out).  
 
Figure 12.    GIS method for calculating TSPlocal and TSPup (from left to right). TSPup neighborhood 
is not to scale. 
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Due to the relatively small average watershed size in this study, a 10 x 10 rectangular 
neighborhood was used to calculate TSPlocal, and as with other neighborhood calculations run 
in this model, the output was limited to just the stream channel cells. For the calculation of 
TSPup, it was important that only the cells upstream from the target cell were included. A 
neighborhood size of 60 cells was used in order to capture a sufficient range of upstream 
variation in TSP. A half circular neighborhood shape was used. In this case, the target cell 
was located at the center of the half-circle and the direction of calculation was from channel 
head to the furthest downstream check dam at each site. The original stream network was 
then used to extract only the values of the stream channel at each site, and finally the two 
outputs were combined to create the ∆TSP image. The difference between average local and 
upstream TSP (∆TSP = TSPlocal – TSPup) indicates the potential of a reach to transport 
sediment entering from upstream: if positive, erosion should dominate; conversely, 
deposition should dominate if ∆TSP is negative (Figure 12) (Bizzi and Lerner 2015).  
Change in Stream Power Profiles 
The figures in Appendix B represent a final graphical output of each site’s 
continuous ∆TSP. The profiles were produced by exporting each site’s ∆TSP values from a 
GIS to tabular (csv) format. It was important to maintain the order of ∆TSP values in the 
downstream direction, so each site’s tabular values were manually checked against their 
corresponding GIS pixel values. At some points along the stream channel where pixels did 
not strictly proceed in either a north-south or east-west direction, the exported tabular values 
were not properly ordered. In such instances, their order was corrected to reflect the proper 
downstream sequence of values. 
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Figure 13.    Illustration of the theoretical relationship between variation in ∆TSP and sediment response. 
Greater increases (+) in ∆TSP are expected to generate larger volumes of erosion, while greater decreases 
(-) in ∆TSP are expected to produce larger volumes of deposition (Source: Lea and Legleiter 2016).  
 
3.3  Statistical Methods 
 
Due to small sample size and non-normally distributed data, non-parametric 
statistical tests were used to analyze field and GIS-derived datasets. Depending on the 
variables of interest, one of three non-parametric tests (Wilcoxon Signed-Ranks Test, Mann-
Whitney-Wilcoxon Test, or the Kruskal-Wallis Test) were used to test for significant 
difference among distributions. Spearman’s Rank Test was used to quantify the extent and 
significance of correlation between different predictor variables and the response variable of 
DsD50-UsD50. Each statistical test was performed within the R statistical computing program 
(R Core Team, 2014). 
Before performing statistical tests of difference and correlation, several variables 
needed to be defined and/or classified. The variables of check dam type, age, and condition 
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were separated into discrete classes (Table 6), however, due to small sample size each of 
these did not yield significant differences with their corresponding DsD50-UsD50 values. 
Three other variables—Strahler stream order, geomorphic unit, and depositional unit—were 
used in analyzing optimal check dam locations. The geomorphic unit assigned to each check 
dam location is a function of ∆TSP, where positive ∆TSP is represented by class one and 
negative ∆TSP is represented by class two. Depositional unit is a subset of the second 
geomorphic unit, where class two represents areas that have both negative ∆TSP and are 
transitioning from positive to negative ∆TSP (falling limb), and class one is all other areas. 
First, the Wilcoxon Signed-Ranks Test was used to test for significant differences 
between paired downstream and upstream particle size distributions for all individual and 
aggregated check dams (Table 7). Next, Spearman’s Rank Test was used to correlate each 
continuous GIS-derived variable to DsD50-UsD50 (Table 8). The Mann-Whitney-Wilcoxon 
Test was used to test for significant differences between the medians of DsD50-UsD50 that 
fell into geomorphic units one and two. Similarly, the medians of DsD50-UsD50 that fell into 
depositional units one and two were tested for statistical difference using the Mann-
Whitney-Wilcoxon Test. Lastly, because the sampled check dams fall into more than two 
classes of Strahler stream order, the Kruskal-Wallis Test was used to assess the statistical 
difference between medians of DsD50-UsD50 that fell into first, second, and third/fourth 
stream orders. See section 4.2 for graphical representations of the relationships between 
DsD50-UsD50 and geomorphic/depositional units, as well as Strahler stream order. 
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Table 6.    Classification of check dam type, age, and condition. 
Class Type Age (years) Condition 
1 Gabion <5 Unaltered functionality 
2 Rock 5-10 Slightly compromised functionality 
3 Wood 10-15 Heavily compromised functionality 
4 n/a 15-20 n/a 
 
Table 7.    Field-derived variables for each check dam visited. DsD50 and UsD50 distributions found to be 
statistically different using the Mann-Whitney-Wilcoxon Test are shown with asterisks. Sample size (n) per 
individual DsD50/UsD50 = 48; sample size (n) for aggregated D50 = 21. Check dam type, age, and condition 
are defined in Table 4. 
Check Dam ID DsD50 
(mm) 
UsD50
(mm) 
DsD50 - UsD50 
(mm) 
Local Channel 
Width (m) 
Type Age Condition 
Alcocer 32.0 9.5 22.5*** 6.7 2 1 2 
Alonzo Yáñez U 13.5 19.3 -5.8 5.8 2 3 3 
Alonzo Yáñez D 45.0 4.0 41.0*** 6.7 2 3 3 
Augustín González 1U 11.0 2.0 9.0 9.1 2 2 1 
Augustín González 1D 45.0 2.0 43.0** 8.5 2 2 1 
Augustín González 2U 16.0 3.4 12.6* 9.1 2 2 1 
Augustín González 2D 19.3 2.0 17.3*** 8.8 2 2 1 
Augustín González 3 45.0 16.0 29.0* 5.5 2 2 1 
Cabras de Begoña U 16.0 4.0 12.0*** 6.1 2 3 1 
Cabras de Begoña I 38.5 2.0 36.5* 5.5 2 3 1 
Cabras de Begoña D 45.0 9.5 35.5** 4.9 2 3 1 
Estancia de Canal U 64.0 4.8 59.2*** 8.5 2 4 2 
Estancia de Canal D 54.5 16.0 38.5* 7.3 2 4 2 
La Cruz del Palmar 1 16.0 8.0 8.0 7.0 1 1 1 
La Cruz del Palmar 2 19.3 8.0 11.3** 8.2 1 1 1 
Fajardo de Támbula U 8.0 2.0 6.0*** 3.7 2 3 2 
Fajardo de Támbula D 54.5 4.0 50.5* 3.4 2 3 3 
El Salitre U 8.0 2.0 6.0* 4.9 3 Not Known 2 
El Salitre D 11.0 2.0 9.0*** 4.9 3 Not Known 2 
Sosnabar 1 16.0 4.0 12.0* 8.2 2 3 3 
Sosnabar 2 3.4 2.0 1.4 1.9 2 3 3 
Aggregated median 19.3 4.0 15.3***          n/a n/a n/a n/a 
* significant at p < 0.05; ** significant at p < 0.01; *** significant at p < 0.001 
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3.4 Methodological Limitations  
 
The pebble count method provides insight into surface grain sizes, although it does 
not offer any information about the grain sizes of subsurface sediments or give any 
volumetric information. Therefore, the results that stem from the field methods used in this 
study are limited to what may be inferred by the size of channel bed surface particles.  
There are several factors that control the accuracy of estimated TSP values using the 
above GIS methodologies. One of the more considerable limitations is a direct function of 
stream gauge data availability from within the region of interest. The past and present 
network of stream gauge stations in Central México is lacking in quantity, while most of the 
stream gauge stations located in upstream reaches relative to downstream reaches have 
rather short periods-of-record. As a result, there are very few gauge stations within the CI 
that satisfy the watershed size criteria of this study and are of a reasonably lengthy periods-
of-record. Another important control factor on model accuracy is DEM resolution. The 
estimated channel slope and drainage area values included in the stream power model are 
ultimately a function of how well the DEM represents the real world elevation values. Barker 
et al. (2009) concluded that DEMs with a five-meter horizontal grid and a vertical accuracy 
of 0.5 meters offer slope estimates which correlate well with field measurements. This study 
uses an airborne LiDAR-derived DEM with five-meter horizontal resolution and one-meter 
vertical resolution (INEGI 2014). It should be noted, however, that DEMs derived from 
Terrestrial Laser Scanning (TLS) or Structure-from-Motion (SfM) technologies could 
potentially provide more accurate channel dimension calculations. A site-scale study such as 
this would stand to benefit from the higher accuracies that can be obtained from such 
technologies. For example, obtaining a DEM with sub-meter horizontal accuracy would 
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allow for the calculation of continuous bankful channel width, which in turn would enable 
the calculation of continuous specific stream power.  
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4. Results  
 
4.1 Check dam effectiveness 
 
Individually, 86% of check dams surveyed had statistically significant differences 
between opposing DsD50 and UsD50 distributions (p < 0.05). The aggregate DsD50 and 
UsD50 distributions for all 21 check dams were found to be statically different (p < 0.001). 
The aggregated median of all DsD50-UsD50 values is 15.3 mm, indicating that the overall 
sample of check dams measured have been moderately effective at retaining entrained 
sediments. The aggregated distribution of downstream particle sizes is trimodal, with 38% of 
all particle sizes falling into either the 2, 16, or 180 class (Figure 13). The aggregated 
upstream distribution, on the other hand, is strongly unimodal, with nearly 45% of all 
particle sizes contained within the 2-mm class (Figure 14). 
 
Figure 13.    Cumulative frequency distribution of aggregated particle sizes measured downstream of 
check dams. 
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Figure 14.    Cumulative frequency distribution of aggregated particle sizes measured upstream of check 
dams. 
 
Further evaluation of the aggregated upstream and downstream particle size 
distributions reveals two noteworthy trends. First, there is no unidirectional trend in the 
downstream transect D50 values taken from sample one (closest to each check dam structure) 
to sample 16 (furthest from check dam structure). However, for upstream transect D50 
values there is a general trend of increasing particle size with distance from check dam 
(Figure 15). This data inference is in accord with standard geomorphologic reasoning from 
research done on the effects of dams on sediment transport dynamics (e.g. Lancaster and 
Grant 2006)—namely that longitudinal alluviation upstream from a channel barrier 
diminishes with distance from the obstruction. The length of impounded sediment (𝑙𝑙𝑖𝑖𝑠𝑠) directly upstream from a check dam is a function of three parameters: i) check dam 
height (ℎ𝑐𝑐𝑑𝑑); ii) underlying channel surface gradient (𝑆𝑆); and iii) surface gradient of 
impounded sediment (𝑆𝑆1). Figure 16 illustrates the relationship among these parameters.   
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Figure 15.    Distribution of particle sizes aggregated by order of sample taken for all upstream and 
downstream transects. 
 
 
 
Figure 16.    Schematic profile showing the alluvial effect of a check dam. The point of transition from the 
surface gradient of impounded sediment (𝑆𝑆1) back to the underlying channel surface gradient (𝑆𝑆) 
migrates upstream with time after check dam installation. Eventually, at the upstream elevation of check 
dam height (ℎ𝑐𝑐𝑑𝑑), upstream migration ceases and the length of impounded sediment terminates until 
either the check dam is removed or its height is extended. 
 
The particle size data aggregated by individual upstream transects (25%-4 mm, 50%-
2.8 mm, and 75%-4 mm) are closely grouped, indicating that the latitudinal particle size 
differences are minimal. This consistency between particle sizes across the upstream channel 
bed could be a result of the alluviation caused by check dams, whereas the larger spread 
between the D50 values of downstream-aggregated individual transects (25%-22.6 mm, 50%-
22.6 mm, and 75%-16 mm) may be explained by a lack of alluviation.  
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4.2 Controls on check dam effectiveness 
The variation in DsD50-UsD50 shows that the geophysical control factors influencing 
erosion-deposition dynamics within the fluvial setting are not spatially homogeneous. 
Furthermore, the spatial heterogeneity of these geophysical controls may explain the 
observed variation in DsD50-UsD50. The control factors that are proposed as influential to 
the observed variation in DsD50-UsD50 between check dams are listed in Tables 4 and 7. The 
quantitative variables of local channel slope, mean subwatershed slope, subwatershed area, 
distance from channel head, canopy cover, Qmed, TSP, and ∆TSP were significant at the 5% 
significance level.  
Several statistical inferences emerge from the above correlation coefficients. First, 
higher local channel slope gradients and higher mean watershed slope gradients correlate 
with higher DsD50-UsD50 values. The least functional one-third of check dams have an 
average local channel slope value of .03 m m-1, while the most functional one-third have an 
average local channel slope value of .06 m m-1. This indicates that check dam effectiveness is 
at least partially dependent on local slope gradients that are steep enough to induce sediment 
transportation. Subwatershed area, distance from channel head, and Qmed, which are related 
measures, are positively correlated with DsD50-UsD50 (r  = 0.59, r  = 0.54, and r  = 0.46, 
respectively). This pattern indicates that check dams located lower in a subwatershed are 
more effective at retaining sediment than those located closer to where channel heads 
develop.  
Another noteworthy statistical result is the relationship between canopy cover and 
check dam functionality. The results of the correlation analysis indicate that higher 
percentages of canopy cover correlate with check dams that are more efficient at retaining 
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sediment. The least functional one-third of check dams have subwatersheds with an average 
of 15% canopy cover. The seven top-performing check dams, however, have subwatersheds 
with an average of 28% canopy cover. Similarly, higher TSP (r  = 0.58) values are correlated 
with higher DsD50-UsD50 values. The seven highest functioning check dams have an average 
TSP of 64 W m-1, while the lowest performing one-third of check dams have an average TSP 
of 17 W m-1. Lastly, ∆TSP has a negative correlation with DsD50-UsD50 (r  = -0.45). As 
detailed in section 3.3, ∆TSP can be classified to further analyze the erosional and 
depositional dynamics along a stream channel.  
With few exceptions, the 11 check dams classified as being within deposition-
dominated reaches (-∆TSP) are those that are higher performing. As shown in Figure 17, the 
median of DsD50-UsD50 values from check dams in geomorphic unit one (9 mm) is 
statistically different from the median from check dams in geomorphic unit two (29 mm) (p 
< 0.05). Of the 21 check dams evaluated, six (Alcocer, Alonzo Yáñez B, Augustin González 
2A, Cabras de Begoña B, Estancia de Canal A and B) were classified within depositional unit 
two. As shown in Figure 18, the median of DsD50-UsD50 values from this subset of check 
dams (37.5 mm) is statistically different from the median of check dams in depositional unit 
one (11.3 mm) (p < 0.05). Figure 19 shows the median of DsD50-UsD50 values for check 
dams located in first (9 mm), second (36.5 mm), and third/fourth (17.3 mm) order streams 
(p < 0.05). The check dams located in second order streams were most effective at retaining 
sediment, while those that are located in first order streams were least effective.  
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Figure 17.    Plot of the relationship between DsD50-UsD50 and geomorphic unit as classified by ∆TSP for all 
measured check dams. The distribution of DsD50-UsD50 for check dams found in erosion-dominated 
reaches (1) is generally lower than that of its deposition-dominated (2) counterparts.  
 
Figure 18.    Plot of the relationship between DsD50-UsD50 and depositional unit as classified by ∆TSP for all 
measured check dams. The distribution of DsD50-UsD50 for check dams found in areas of decreasing ∆TSP 
and have an associated negative ∆TSP value (2) is generally higher than that of check dams that do not 
meet this criteria (1). 
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Figure 19.    Plot of the relationship between DsD50-UsD50 and Strahler stream order for all measured 
check dams. 
 
4.3 Individual Change in Stream Power Profile Analysis and 
Stream Power Maps 
 
The change in stream power profiles found in Appendix B illustrates the relationship 
between individual DsD50-UsD50 and ∆TSP for each study site. Although some sites lack a 
comparability within the same profile (only one check dam was measured), there are some 
notable results. Figure B2 shows that for the two check dams measured within Alonzo 
Yáñez, the one located in a deposition-dominated reach has a higher DsD50-UsD50 value 
than the check dam located in an erosion-dominated reach. The same trend is true for the 
two check dams measured within Fajardo de Támbula (Figure B10). Both of the check dams 
measured in Estancia de Canal have moderate-to-high DsD50-UsD50 values and both are 
located within deposition-dominated reaches (Figure B7). These examples support the 
hypothesis that a check dam located within a deposition-dominated reach will function at a 
higher level than one located within an erosion-dominated reach. The three check dams 
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within Cabras de Begoña offer a good spread in terms of ∆TSP and the trend is favorable 
towards rejecting the null hypothesis, although the difference between the DsD50-UsD50 
values of check dam B and C is minor (Figure B6). Similarly, Augustin González 1 and 2 
(Figures B3 and B4) indicate results that are not entirely consistent with rejecting the null 
hypothesis. Both of the check dams in Augustin González 1 are located within erosion-
dominated reaches, but only one is functioning at the expected lower level; the other has a 
relatively high DsD50-UsD50 value. The two check dams within Augustin González 2 have 
moderate DsD50-UsD50 values, with the higher one being associated with the check dam that 
is nearer to the erosion-dominated area on the graph. Both of the check dams within Salitre 
are within erosion-dominated reaches, but both also have low DsD50-UsD50 values.  
All other stream power profiles have one check dam associated with them—Alcocer, 
Augustin González 3, La Cruz del Palmar 1 and 2, and Sosnabar 1 and 2—and therefore do 
not offer an intra-profile comparison. Although inferences from these sites do not lend 
themselves to individual site comparative analysis, they do provide additional information 
about the general relationship between ∆TSP and check dam performance. Both Alcocer 
and Augustin González 3 have moderate DsD50-UsD50 values and both are located within 
deposition-dominated reaches. The check dams at La Cruz del Palmar 1 and 2 and Sosnabar 
1 and 2 all have relatively low DsD50-UsD50 values, but three of these four are located in 
deposition-dominated reaches. However, this can be explained by their relatively low 
absolute TSP values or lack of diversity in TSP.  
In interpreting the stream power profiles in Appendix B, one notable distinction is 
distance from channel head. In general, check dams near their channel head have relatively 
low DsD50-UsD50 values (Cabras de Begoña A, La Cruz del Palmar 1 and 2, Salitre A and B, 
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and Sosnabar 1 and 2). Check dams at other sites located further downstream generally have 
higher DsD50-UsD50 values (Alcocer, Alonzo Yáñez B, Augustin González 1B, Cabras de 
Begoña B and C, Estancia de Canal A and B, and Fajardo de Támbula B). Furthermore, 
Spearman’s rank correlation coefficient between DsD50-UsD50 and distance from channel 
head was relatively strong (r  = 0.54) and statistically significant at the 5% significance level.  
The change in stream power maps found in Appendix C were generated by 
performing the GIS workflow shown in Figure 8. The stream channel cells representing 
∆TSP were then separated into six equal interval classes representing the erosion-to-
deposition continuum. The maps show the spatially distributed ∆TSP values at Qmed for each 
site. Deposition-dominated reaches are shown in green and yellow; erosion-dominated 
reaches are shown in red (shades of yellow and orange may be considered areas where 
sediment is in transportation). The black point found along the ∆TSP gradient represent the 
locations of check dams that were measured in the field. 
4.4 Sensitivity Analysis of ∆TSP Methodology 
 
 In the present study, the methods used to derive ∆TSP were selected based on those 
used by Bizzi and Lerner (2015) and matched to the scale of the subwatersheds of interest 
within the Rio Laja basin. Still, it is important to consider how alternative methods affect 
study outputs. The choice of neighborhood size (see Figure 12) for calculating TSPlocal and 
TSPup has a direct impact on ∆TSP. This section explores how changes in these 
neighborhood sizes affect the ∆TSP values that were statistically compared with explanatory 
variables and ultimately used to create stream power maps. In addition to the value obtained 
for TSPup using a 60-meter neighborhood size, values for TSPup using 30 and 15 meter 
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neighborhoods were calculated. Two representative, yet contrasting subwatersheds—Alcocer 
and Farjado Tambula—were selected for applying the alternative neighborhood sizes. At 2.6 
km2, Alcocer is the largest and steepest subwatershed in the study area. Fajardo de Tambula 
is half the size of Alcocer and although moderately steep has an average TSP value of 28 W 
m-1. Alcocer’s average TSP is nearly four times that of Fajardo de Tambula, or 125 W m-1. 
Change in TSP was recalculated using the 30 and 15-m neighborhoods for TSPup for each 
subwatershed, and the resulting distributions were checked against the originally calculated 
∆TSP distribution that used a 60-m neighborhood for TSPup.  Statistically significant 
differences were found at the 5% significance level.  
 When considering the size of neighborhood to use in a given spatial analysis, there 
are two primary factors of interest: scale and resolution (i.e., size of watershed, and spatial 
resolution of data inputs). How these two factors relate to each other is of greatest 
significance. In general, when using the mean as the neighborhood statistic, larger 
neighborhoods result in smoother distributions. Reductions in noise enable the user to 
potentially capture more generalized patterns that would have otherwise gone unnoticed. 
This smoothing effect is illustrated for the Alcocer subwatershed in Figure 20.  
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Figure 20.    Comparison of TSP values associated with different neighborhood sizes for the Alcocer 
subwatershed.  
 
  
The Wilcoxon Signed-Ranks Test was used to test for significant differences between 
paired ∆TSP distributions that were derived from using different size neighborhoods for 
TSPup. For both subwatersheds, the p values indicate non-identical populations between the 
Up15/Up60 and Up30/Up60 distributions (Figure 21). As anticipated, from these tests, it is 
concluded that neighborhood size has an important influence on the distribution of ∆TSP 
values along stream channels. More specifically, as TSPup neighborhood sizes increase, the 
∆TSP distribution mean also increases. In the context of this study, this equates to less of 
the stream channel being classified as depositional (i.e., there are fewer negative values). 
Using larger TSPup neighborhood sizes in relation to TSPlocal neighborhood sizes yields a 
stream power map that limits depositional reaches to those that are most likely to be truly 
depositional. In choosing a larger TSPlocal neighborhood size, this study offers a conservative 
estimate of the areas within stream channels that qualify as depositional. Rather than 
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overestimating the areas in which check dams are recommended to be built, this model 
output is desirable because it airs on the side of underestimating areas that qualify as 
depositional zones. Restoration managers are then more likely to find this study’s check dam 
placement recommendations more reliable for attaining higher sediment retention rates than 
if a smaller TSPlocal neighborhood size was used.  
Table 9.    Distribution means and Wilcoxon Signed Rank test P values for ∆TSP derived from alternative 
TSPup neighborhood sizes. 
 
 
Neighborhood Size 
Alcocer 
 ∆𝑇𝑇𝑆𝑆𝑇𝑇 
Fajardo de Tambula 
 ∆𝑇𝑇𝑆𝑆𝑇𝑇 
𝜇𝜇 P 𝜇𝜇 P 
Up15 1.6 1.316e-07 .4 3.521e-05 
Up30 2.9 7.852e-09 1.1 2.021e-08 
Up60 5.2 - 2.2 - 
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5. Discussion 
 
The literature reviewed in this study offers several alternative interpretations about 
where check dams should be located with respect to geomorphic and topographic variables. 
This is, in part, the case because each study area is comprised of different sets of these 
variables. Generally, although trade-offs exist for placing check dams in one location over 
another, this literature review suggests that check dams are more effective when located in 
second and third order streams (i.e., smaller drainage areas), and in lower gradient reaches 
(i.e., depositional zones) (Romero-Díaz, Alonso-Sarriá, and Martínez-Lloris 2007). 
As explained by Chin and Wohl (2005), the evolution of a stream follows a trajectory 
characterized by various states of equilibrium and non-equilibrium (i.e., alternating levels of 
entropy). When assigning such characterizations, spatial and temporal scales are inherently 
important. Chaos may be fairly attributed to some reach of stream over a particular spatial 
extent and at a particular time; however, given a change in the temporal scale of analysis, that 
same reach may be entirely composed of regularly-spaced, regularly-sized steps and pools. 
Low frequency, high magnitude hydrologic events play an important role in the evolution of 
stream geomorphology by providing a reset function from which least-work principles 
inevitably reestablish themselves.  
Naturally occurring step-pool sequences are spatially differentiated according to 
several variables, including channel slope, step height, step particle size, and channel width.  
For example, Wertz (1966) observed that within ephemeral streams in the Southwestern 
U.S., the length between sand patches and boulder steps are adjusted by channel slope—
shorter in the headwaters and longer toward the valley plain. In the mountains of central 
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Idaho, Chartrand and Whiting (2000) found positive correlations between step wavelength 
and step height (r2=0.93), step D50 (r2=0.72), and channel width (r2=0.73). Such spatial 
patterns should be recognized and applied within the context of the placement of manmade 
obstructions to stream flow. However, check dams placed within a stream channel should 
also be done so according to the unique geomorphic regimes of the watershed of interest. In 
addition to previously observed relationships between step wavelength and 
topographic/geomorphic variables, stream power modelling can aid in the understanding of 
energy fluxes that cause dynamic change in stream ecosystems. The location of deposition 
and erosion zones are direct outcomes of stream power (Talling and Sowter 1998), and can 
be modeled, as exemplified by the present study. Such locations can offer important 
information to stream restoration managers who are seeking a systematic approach to check 
dam placement. 
 Based on the performed statistical analysis, restoration managers should give 
consideration to locating future check dams in deposition-dominated stream reaches with 
the caveat that first order streams or those located nearest the channel head (i.e. low TSP 
values) should generally be avoided. Marston and Dolan (1999) reveal the result of poor 
check dam placement, finding that the majority of check dams within the Fifteen Mile Creek 
watershed were ineffective due to their placement in areas of low sedimentation. Similarly, 
Heede (1960) found that “where the magnitude of runoff and sediment production is small, 
as in the upper reaches of a watershed, the installation of numerous check dams is not 
justified.” More specifically, the findings of this study suggest that areas of transition from 
erosional to depositional (decreasing ∆TSP) that coincide with areas of negative ∆TSP 
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should be prioritized. Importantly, the optimal check dam location seems to be before the 
trough, or the point at which ∆TSP reaches is local low.  
Effective spacing between structures (e.g., head-to-toe rule) as recommended by 
Heede (1976) and strength/type of structure also must be considered within the context of 
check dam location. For example, steeper channel slopes will necessitate shorter spacing 
between structures, as can be observed within natural step-pool sequences. Step-pool 
frequency increases with increasing slope is now firmly established and supported by 
numerous field datasets from a variety of locations. and check dams located in higher order 
streams should be built with heavier materials. Gabiones should be considered where stream 
power values are sufficiently high.  
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6. Conclusions 
 
6.1 Summary 
 
This study aimed to provide a field/GIS-based methodology for assessing the 
function and location of check dams constructed within the upland stream channels of the 
Upper Laja River watershed, Guanajuato, México. Results from the sample of check dams 
measured in the field indicate that, in general, the measured check dams are providing the 
intended function of sediment retention. The variability observed in the metric used to 
measure check dam effectiveness (DsD50-UsD50) begged the question of what factors may be 
linked to check dam effectiveness. Stream power is one such factor, as its relationship to 
geomorphic change (e.g., channel erosion/deposition dynamics) is well-established (Lea and 
Legleiter 2016). In comparing the field data with data from the stream power model, 
spatially-distributed stream power does appear to influence a check dam’s ability to retain 
sediment—check dams located in deposition-dominated reaches (-∆TSP) are not only more 
likely to be effective at sediment retention, but they are also more likely to maintain their 
structural integrity for a longer period of time than check dams built in erosion-dominated 
reaches.  
It is important to note, however, that there seems to be a point of diminishing 
strength in the relationship between decreasing stream power and check dam effectiveness. 
If the channel slope and/or discharge at a check dam location is too low, its effectiveness 
will be compromised. This can be seen in the results from several of the check dams where 
low absolute TSP values and low DsD50-UsD50 values were found to coincide. As a result, in 
order to optimize the sediment retention potential of a check dam, this study indicated the 
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importance of two criteria: i) absolute TSP must be sufficiently high to induce erosion (i.e. a 
stream reach of moderate to high sedimentation—usually a second or third order stream); 
and ii) within that moderate to high sedimentation zone, ∆TSP must be decreasing and 
negative (i.e. a deposition-dominated zone). Exceptions to these rules may exist in areas 
where other geophysical factors are particularly influential. For example, particularly erosion-
prone soils such as poorly-sorted conglomerates may lead to the occurrence of 
headcutting/gullying in first order streams or areas of low slope and/or discharge. In such 
cases, the mere presence of erosional features indicates that check dam construction would 
likely be beneficial.  
In addition to stream power, other watershed factors may influence the effectiveness 
of check dams. Canopy cover, for example, was also found to correlate with higher 
functioning check dams. This may at first seem counterintuitive because higher percentages 
of canopy cover would seem to indicate healthier, less erosion-prone watershed conditions. 
However, one possible explanation for this correlation could be a survivorship bias—that is, 
check dams located in subwatersheds with higher percentages of vegetation tend to persist, 
while check dams located in less vegetated areas are subject to being washed away during 
high flow events.  
Although a larger sample size of DsD50-UsD50 values taken from a more diverse set 
of check dam locations would likely yield more robust conclusions about where restoration 
managers should build check dams in the future, the results of this study show that placing 
check dams within specific ranges on the ∆TSP continuum can lead to optimized sediment 
retention.  
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6.2 Future Research 
 
This study demonstrated that total stream power can be a useful indicator of check 
dam effectiveness as defined by their ability to retain sediment. From this relationship, and 
the relationship between other watershed variables and measured check dam effectiveness, 
conclusions about optimal check dam placement within the stream channel are reached. 
However, further research, in the form of larger sample sizes, is needed to confirm/expand 
on the link between spatially distributed stream power and check dam effectiveness. For 
example, monitoring the effectiveness of a large set of check dams over the course of several 
years and comparing the results to the ∆TSP values associated with those check dams would 
offer greater insight into the validity of the conclusions of this study. Furthermore, such a 
study may also yield more specific TSP and ∆TSP thresholds for optimizing check dam 
location.  
Such thresholds will inevitably vary depending on the design flow used for locating 
check dams within the stream channel. Higher flows affect the spatial distribution of 
TSP/channel erosion and deposition, changing where a check dam may be most effective or 
endure for the intended period of time. Although outside the scope of this study, this 
tradeoff between optimizing check dam location for the purposes of sediment retention, and 
optimizing check dam location for longevity is an important consideration when designing 
watershed restoration projects such as those found in the Upper Laja River watershed. This 
study used a two-year flow, whereas other restoration projects may prefer to use a higher 
recurrence interval for their design flow depending on budget allowances for initial 
construction costs and future maintenance costs. Additional research focused on the 
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opportunity costs associated with these tradeoffs would help to guide expectations for 
restoration managers and stakeholders. 
The choice of spatial scale is an important consideration for any hydrological 
modelling exercise. Patterns of in-channel sediment erosion and deposition are particularly 
sensitive to the cell resolution used in a spatially distributed model. For example, for site 
scale studies such as this, it is important to use a high-resolution DEM to capture small 
increments of change in TSP. If modelled at the watershed scale, more generalized results 
would likely necessitate greater expertise in the field for deciding where to locate check 
dams.  
Finally, because the optimal check dam location based on analysis from one 
watershed variable may not correspond with that of another watershed variable, it is 
important to more completely understand which variables are more or less influential to 
check dam effectiveness. If undertaken, the results of similar studies completed in a variety 
of watershed ecosystems would provide valuable information as to the applicability of TSP 
as a means to optimize check dam location and effectiveness. 
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Appendix A 
 
 
 
 
Frequency factor look up table for the calculation of K values  
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Table  A1.    K value look up table. 
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Appendix B 
 
 
Change in Stream power profiles with the upstream and downstream D50 distributions associated 
with the check dam(s) measured at each site 
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Appendix C 
 
Stream power maps for each site  
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Figure  C1.    Stream power map for Alcocer. 
 119 
 
Figure  C2.    Stream power map for Alonzo Yañez. 
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Figure C8.    Stream power map for La Cruz del Palmar 1 and 2. 
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Figure C9.    Stream power map for Fajardo de Támbula. 
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 Figure  C10.    Stream power map for El Salitre. 
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